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ABSTRACT 


This  report  summarizes  tt  e  design,  analysis,  fabrication,  and  testing  performed  by 
GAC  on  the  expandable  Gemini  to  Manned  Space  Station  (MSS)  modular  crew  transfer 
tunnel  under  USAF  Contract  AF33(615)-2114  for  the  Air  Force  Aero  Propulsion  Laboratory. 

The  program  established  the  design  of  a  3.  5-foot  diameter  modular  tunnel  to  be  used  as  a 
pressurized  meteoroid  protective  enclosure  for  astronauts  transferring  from  the  Gemini  cap¬ 
sule  to  the  MSS.  The  transfer  tunnel,  which  has  an  expanded  length  of  12  feet,  attaches  to 
the  elliptical  Gemini  hatch  at  one  end  and  to  the  circular  MSS  hatch  at  the  other  end. 

A  prototype  expandable  crew  transfer  tunnel  was  fabricated,  and  preliminary  qualifica¬ 
tion  testing  was  conducted  to  establish  the  feasibility  of  the  design.  The  expandable  tunnel 
construction  is  a  composite  wall  consisting  of  an  inner  triple-barrier  pressure  bladder  for 
gas  retention,  a  four-ply  Dacron  cloth  structural  layer,  a  2-inch  thick  polyether  foam  meteo¬ 
roid  barrier,  and  a  film-cloth  laminate  outer  cover  with  a  thermal  coating.  The  expandable 
composite  wall  is  structurally  bonded  to  a  rigid  aluminum  honeycomb  sandwich  floor  to  which 
the  packaging  canister  is  attached  when  the  tunnel  is  folded  to  constitute  a  modular  unit. 

Pressure  proof  testing  for  7  days  at  10  psi  and  cyclic  pressure  testing  from  vacuum  to  the 
nominal  operating  pressure  of  7. 5  psi  for  60  cycles  established  the  structural  integrity.  Pres¬ 
sure  leak  testing  under  ambient  conditions  for  7  days  at  7. 5  psi  established  the  gas  tightness 
of  the  structure  with  a  leak  rate  of  0. 50  lb/day  of  inflation  gas  under  orbital  conditions.  Pres¬ 
sure  leak  testing  in  a  vacuum  chamber  at  an  average  vacuum  of  4  x  10“  ^  mm  Hg  for  one  day 
established  a  leak  rate  of  0. 40  lb/day  of  inflation  gas  under  orbital  conditions.  Tunnel  deploy¬ 
ment  testing  in  a  vacuum  chamber  confirmed  the  operational  aspects  of  the  design. 

Fabrication  of  an  operational  expandable  crew  transfer  tunnel,  which  is  estimated  to 
weigh  375  pounds  including  the  packaging  canister,  is  entirely  feasible  and  within  the  present 
state  of  the  art. 
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d  Designated  angle  (degrees) 

4  Linear  deflection  (in. ) 

9  Angular  deflection  (radians) 

A  Coefficient  for  radius-thickness  relationship  (in. ”  M 

a  Poisson's  ratio 

5  Designated  angle  (degrees) 

£  (  )  Partial  differential  indicator 

ni 
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Subscripts: 

A  Location  A 

B  Location  B 

b  Bond 

br  Bearing 

C  Location  C;  cylinder 

c  Compression 

D  Location  D 

F  Flange 

M  Moment 

Maximum 

o  Item  neutral  axis 

P  Pressure 

a  Shear 

T  Twisting 

t  Tension 

u  Ultimate 

V  Shear 

v  Distributed  load 

x  Reference  axis 

£  Neutral  axis 

0  Angular  location 

0  Redundant 

!  Meridional,  axial 

a  Hoop 

3,4,  Coeflkiect  (deidUication 
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.  A 

Area  (ft2) 

Velocity  of  light  (cm  /sec) 

Differential  indicator 
Kinetic  energy  (mev) 

Average  incident  energy  (mev) 

Average  energy  with  which  particles  leave  after  penetration  (mev) 

Ratio  of  shower  meteoroids  to  sporadic  meteoroids 
Short-term  mission  factor 
Mass  ( g ) 

Designated  flux  (partlcUrs/ft2-day  or  pttrticles/cm2) 

Designated  flux  (particles/cm2) 

Total  number  of  impacts 
Nano  (prefix) 

Designated  probability  (day'1  or  mission'1) 

Particle  momentum  imev-src  cm) 

Rigidity  (million  volt*) 

Average  range  ot  particles  (g  cm2) 

Shielding  i.ctor 

Slurr.  al  kinetic  energy  and  rest  energy  (mev) 

Thickness  tin. ). 

Material  thicknere  (areat  density)  tg  cmJv 
Total  number  of  meteoro  d  impacts  i mission''1} 

Nuclear  charge  of  the  particle  (electron  charges) 

Energy  absorbed  per  usd  mas*  (rads? 

Incremental  energy  (m«*v) 

Flux  with  incidental  energy  in  *  designated  energy  range  (particles  cm*} 

Flux  as  a  function  of  r  nergy  (particles  cm2) 
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Nf>R] 

Fla*  u  a  function  of  rigidity  (partlcles/cmJ) 

N[K  + 

AE]  Flux  as  a  function  of  a  designated  energy  range  (particies/em*) 

N[K  - 

AX]  Flux  as  a  function  of  a  designated  energy  range  (partkies/cm*) 

P[*0 

Probability  as  a  fraction  of  flux  (day*  1  or  mission*  *) 

M 

Micro  (prefix) 

r 

Time  (days) 

Sobscrir**: 

hi 

Aluminum 

£ 

Earth  shielding 

E 

Designated  energy 

K» 

Designated  energy 

e 

Electrons 

F 

Total  shielding 

faun 

Polyether  flexible  foam 

I 

Interference 

M 

Particular  mission  duration 

o 

Rnt 

P 

Projected 

• 

Exposed  surface 

SH 

Shower  mete  ore  ids 

8P 

Sporadic  meteoroids 

i  «  o 

Of  no  Impacts;  at  aero  penetrations 

r 

Time  ia  day* 

300 ,,mi  For  *  300-naaticii  milt  crbu 

milMIKARt  0»JAUFICATK»  TtfrJKQ  mCTlQH  Vt) 

C 

Proportionality  constant  8fc/Maeh  No. ) 

G 

Acceleration  of  gravity  gt/see*) 
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Molecular  weight  flb/mole) 

Pressure 

Pressure  *or  Mach  number  deter  miration  (psia) 

Specific  fu-i  constant  (ft- lb/lb- °R) 

Unlvere-ju  ^as  constant  (ft-lb/mole-°K) 

Temperature  (of) 

Temperature  (°K) 

Temperature  (f>H) 

Volume  (ft^) 

Velocity 
Weight  (lb) 

Pressure  differential  lc"  Mach  number  determination  (psia) 
Density  (pcf) 

T lrn.v>  (davs/ 

Absolute  pressure 
A w rage  absolute  piesaure 
Barometric  pressure 

Corrected  to  reference  temperature  of  75°F 

Due  to  '•ylindrr  wt  .-;h;  decrease 

Daily 

Final  value 
■'5 ige  pressure 
In  Hg 
Initial  «utie 
’->*» 

MM  oi  %  or  user 

Due  to  molecular  weight  dtirerenes 
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Gas  mixture,  50  percent  nitrogen  ami  50  percent  oxygen 

Orbital  conditions 

Psi 

Due  to  pressure  diiterenc* 

Leak  test 
Vacuum  chamber 
Due  to  velocity  difference 
Designated  condition 
Designated  condition 


SECTION  I 


INTRODUCTION 


\.  GENERAL 

This  finaJ  report  presents  the  results  of  GAC's  program  effort  conducted  under  USAF 
Contract  AF33(615)-2i!4  for  the  Aero  Propulsion  Laboratory.  The  contract  effort  was  funda¬ 
mentally  directed  toward  demonstrating  the  technical  feasibiHty  of  utilizing  an  expandable  r.rew 
transfer  tunnel  for  manned  space  stations  utilizing  current  re-entry  modules  such  as  the 
Gemini  capsule,  hereinafter  called  the  Gemini-Manned  Space  Station  (MSS)  system.  The  pro¬ 
gram  effort  was  performed  ir.  three  successive  phases. 

B.  PHASE  I  -  CONCEPT  DEFINITION 


The  objective  of  tt  Phase  I  effort  was  to  define  a  modular  expandable  crew  transfer  tun¬ 
nel  in  conceptual  form.  This  was  established  within  certain  constraints  stipulated  by  Air  Force 
in-house  Development  relative  to  the  mission  objecti”e  with  reg:  -d  to  general  operational, 
human  factors,  and  packaging  requirements;  and  attachment,  environmental,  structural,  and 


materials  requirements.  Design  studies  were  conducted,  and  a  specific  concept  was  es’ab 
iished.  This  .concept  is  shown  in  Figure  1. 


Figure  1.  Expandable  Crew  Transfer  Tunnel 


0,  PHASE  H  -  DETAILED  DESIGN,  ANALYSES,  AND  TEST 


The  Phase  II  effort  wag  Initiated  to  translate  the  concept  into  a  detailed  preliminary  de¬ 
sign.  The  following  supporting  analyses  were  conducted  to  substantiate  the  preliminary  de¬ 
sign: 

(1)  Evaluation  of  the  passive  thermal  control  system. 

(2)  Determination  of  structural  integrity  of  the  tunnel. 

(3)  Analysis  of  environmental  hazards  including  micrometeoroids  end  rwjiat'on. 

(4)  Substantiation  of  proposed  materials  for  the  tunnel  construction. 

The  general  arrangement  of  the  detailed  design  Is  shown  In  Figure  2 

D.  PHASE  m  -  PROTOTYPE  FABRICATION  AND  PRELIMINARY  QUALIFICATION 

In  Phase  in,  a  full-scale  prototype  tunnel  was  fabricated  and  subjected  to  preliminary 
qualification  testing.  To  perform  the  tasting,  a  test  carrier  mock-up  simulating  the  Gemini 
and  MSS  hatches  and  a  packaging  canister  were  fabricated.  Packaging,  pressure  proof, 
pressure  leak,  and  vacuum  chamber  deployment  tests  were  conducted.  The  prototype  funnel 
design  is  shown  lr.  Figure  3. 

Zero-G  flight  tests  of  the  tunnel  will  be  performed  when  the  gcvernment-furnished  zero- 
G  aircraft  at  Wright- Patterson  AFB  is  available.  The  results  of  these  tests  will  be  reported 
in  Part  HI  of  this  report. 

Figure  4  shows  the  fully  expanded  prototype  tunnel,  which  has  successfully  passed  the 
acceptance  pressure  proof  test  at  10  psi  and  the  pressure  leak  test  at  7.  5  pel.  Figure  5  shows 
the  same  structure  folded  prior  to  installation  of  the  packaging  canister. 

E.  CONTINUED  DEVELOPMENT 

In  view  of  the  successful  preliminary  qualification  tests  on  the  prototype  tunnel,  it  is 
recommended  that  the  program  be  continued  with  the  development  and  flight  testing  of  a  modu¬ 
lar  design  expandable  tunnel  for  man- rated  orbital  flight  operation.  In  line  with  this  recom  ¬ 
mendation,  a  program  development  plan  has  been  prepared  and  is  submitted  in  this  report. 
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Figure  5.  Folded  Prototype  Tunnel 
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SECTION  n 


-SUMMARY 


A.  GENERAL 

A  modular  expandable  crew  transfer  tunnel  conceptual  design  was  defined  to  satisfy  the 
mission  objective  within  the  constraints  regarding  human  factors  considerations  and  operation¬ 
al  and  environmental  requirements  established  by  Air  Force  in-house  development  by  the  AF 
Aero  Propulsion  Laboratory,  the  AF  Aero  Medical  Laboratory,  and  the  AF  Experimental 
Fabrication  Division.  A  detailed  design  of  this  concept,  substantiated  by  supporting  analysis 
and  specimen  testing,  was  completed,  and  a  prototype  tunnel  was  fabricated.  The  prototype 
tunnel  was  then  subjected  to  preliminary  qualification  tests  that  proved  that  the  concept  is  com¬ 
pletely  satisfactory  and  entirely  feasible.  The  tunnel  design  is  shown  in  Figure  2.  and  the  pro¬ 
totype  design  is  shown  in  Figure  3. 

B.  SYSTEM  REQUIREMENTS 

1 .  General 

The  Gemini-MSS  crew  transfer  system  has  four  phases  of  operation  for  which  general 
operational  requirements  were  established. 

2.  Launch  Pad  Requirements 

A  modular  tunnel  design  is  required  which  will  permit  prepackaging  of  the  expandable 
tunnel  prior  to  mounting  on  the  Gemini-MSS  system.  The  packaging  canister  is  required  to 
provide  protection  from  the  terrestrial  environment  encountered  on  the  launch  pad. 

3.  Buoot  Phase  Requirements 

In  addition  to  having  a  minimal  effect  on  the  aerodynamics  of  the  total  system  and  pro¬ 
tecting  the  packaged  tunnel  from  the  damaging  effects  of  aerodynamic  heating,  the  modular  de¬ 
sign  is  required  to  have  the  capability  of  being  instant!}  jettisoned  from  the  Gemini-MSS  sys¬ 
tem  in  case  of  mission  abort. 

4.  Orbital  Flight  Phase  Requirements 

The  crew  transit,  tunnel  is  required  to  resist  the  total  space  environment  to  be  encount¬ 
ered  In  orbitsranging  from  100  to  300  nautical  miles  for  a  45-day  mission.  Th?  tunnel  may 
or  may  not  be  pressurized  100  percent  of  the  mission,  and  the  inflation  pressure  may  be  as 
high  as  n.  5  psla, 

5.  Re-Entry  Phase  Requirements  _ 

The  modular  tunnel  Is  required  to  be  jettisoned  away  from  the  Gerr>‘n>-MSS  py«»err!  prior 
to  separation  of  Gemini  from  MSS  for  the  re-entry  sequence. 

C.  SYSTEM  DESCRIPTION 
1.  General 

The  modular  crew  transfer  tunnel  consists  of  an  expandable  tunnel  with  a  composite  wall 
structure  attached  to  a  rigid  sandwich  structure  floor  that  spans  the  distance  between  the 
Gemini  and  MSS  hatches.  The  floor  is  attached  to  the  Gemini-MSS  vehicle  at  the  hatch  loca¬ 
tions  by  metal  ring  structures  bolted  to  both  the  floor  and  the  vehicle.  Pyrotechnic  devices 
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are  incorporate  lr,  tr.*  r»~<r  desl;  i  for  separation  of  the  tunnel  from  the  Gemini-  MSS  vehicle 
for  mission  ter  miration  or  for  mission  abort  during  the  launch  phase.  The  packaged  tunnel  is 
protected  during  the  launch  pad  and  boost  phases  by  a  packaging  canister  that  is  attached  to  the 
floor  structure  only  and  rests  against  the  Gemini- MSS  vehicle  without  being  attached  directly 
to  it.  Pyrotechnic  devices  incorporated  in  the  canister  design  for  jettisoning  the  canister 
from  the  floor  structure  in  orbit  to  allow  the  expandable  portion  of  the  modular  tunnel  to  de¬ 
ploy.  Flexible  strip  lighting  is  provided  along  each  side  of  the  tunnel  for  interior  lighting, 
and  hand  ropes  are  provided  on  each  side  of  the  tunnel  above  the  floor  as  locomotion  aids  for 
the  astronauts. 

The  operational  advantages  of  the  modular  design  are  numerous.  With  the  canister  at¬ 
tached  only  to  the  rigid  floor  structure,  the  folded  expandable  tunnel  and  the  canister  can  be 
prepackaged  as  a  unit  before  delivery  to  the  launch  pad,  thereby  reducing  the  required  mount¬ 
ing  time  and  eliminating  the  packaging  operations  from  the  pad  mounting  routine.  In  case  of 
mission  abort,  the  entire  unit  can  be  jettisoned  from  the  Gemini- MSS  system  by  the  same 
•ejection  system  designed  at  the  Gemini  and  MSS  hatches  for  jettisoning  the  tunnel  at  mission 
termination.  The  design  eliminates  the  necessity  of  jettisoning  the  canister  as  a  separate  unit 
tefore  jettisoning  the  tunnel  assembly  in  case  of  mission  abort. 

2.  Composite  Wall  Structure 

The  cemposiie  wall  structure  consists  of  a  triple-seal  inner  gas  preesure  bladder,  a 
multi-ply  Dacron  cloth  structural  layer,  a  flexible-toam  meteoroid  barrier,  an  outer  cover, 
and  a  thermal  coating  on  the  exterior  surface.  The  unit  weight  is  0.890  psf. 

The  nonstructural  triple-seal  pressure  bladder  utilized  in  this  design  comprises  an  in¬ 
ner  sealant  of  nylon  cloth  and  Capran  film  laminate,  an  intermediate  sealant  of  0.070-inch 
thick  closed-cell  polyvinyl  chloride  (PVC)  foam  with  a  density  of  10  pcf ,  and  an  outer  sealant 
of  pylon  cloth  coated  with  polyester  resin.  The  multiple  plies  of  the  pressure  bladder  are 
bonded  together  with  polyester  adhesive.  The  unit  weight  is  0. 126  psf. 

The  structural  layer  is  four-ply  Dacron  cloth  laminated  with  polyester  adhesive  and  at¬ 
tached  to  the  sandwich  floor  structure  with  a  rigid  epoxy  bond.  The  seams  in  each  ply  of  the 
structural  layer  are  staggered  so  that  no  two  plies  have  coincidental  seams  and  so  that  there 
are  three  uninterrupted  plies  over  the  seam  in  the  fourth  ply.  The  material  then  acts  as  an 
essentially  seamless  structure.  The  unit  weight  is  0.210  psf. 

The  meteoroid  barrier  is  2-inch  thick  flexible  polyether  foam  with  a  density  of  1. 2  pcf. 

The  unit  weight  is  0.200  psf. 

The  outer  cover  is  a  nonstructural  film-cloth  laminate.  The  thermal  coating  on  the 
outer  cover  consists  of  vapor-deposited  aluminum  on  the  film  covered  in  part  by  aluminum 
powder  in  silicone  paint  or  by  silicon  monoxide,  depending  upon  the  particular  orbit  and  orien¬ 
tation  involved.  The  outer  cover  unit  weight  is  0.015  psf,  anc  the  thermal  coating  Is  estimated 
to  weigh  0.026  psf. 

3.  Sandwich  Structure  Floor 

The  sandwich  structure  floor  consists  of  two  flat  metal  honeycomb  bonded  sandwich 
panels  that  are  mechanically  joined  to  form  a  160-degree  included  angle  between  the  panels, 
paralleling  the  longitudinal  contour  of  the  Geminl-MSS  vehicle.  There  Is  a  circular  hole  in 
the  panel  over  the  MSS  hatch  and  an  elliptical  hole  In  the  panel  over  the  Gemini  hatch  to  allow 
sngress  ar.d  egress  of  the  astronauts. 

Attachment  md  Separation  Systems 

The  tunnel  is  attached  to  the  launch  vehicle  at  the  hatch  areas  with  aluminum  rings  con¬ 
taining  provisions  for  pyrotechnic  separation  devices.  The  rings  are  attached  to  the  floor 
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structure  with  bolts  and  Rivnuts.  and  attached  to  the  launch  vehicle  with  Camloc  qulck-dis- 
connect  fasteners.  The  rings  contain  machined  notch  areas  around  their  circumferences  to 
ltC^-.VC  1,  DuPcnt  flexible  linear  shaped  charge  (FLSC)  pyrotechnic  separation  devices.  The 
FLSC  achieves  separation  by  burning  through  the  ring  metal  in  the  notched  area  and  supplying 
pressure  to  force  the  separated  portions  apart. 

5.  Packaging  Canister 

During  the  launch  phase,  the  packaging  canister  is  subjected  to  dynamic  pressure  loads 
and  aerodynamic  heating.  Lack  of  a  specific  launch  trajectory  precludes  the  detailed  design 
of  the  canister.  The  weight  summary  given  in  Table  I  assumes  the  use  of  titanium  sandwich 
construction  with  interior  insulation  to  control  the  temperature  of  the  packaged  tunnel  during 
the  launch  phase.  The  packaging  canister  design  shown  in  Figure  2  provides  a  packaging  vol¬ 
ume  of  about  20.  8  cubic  feet  while  presenting  a  drag  area  of  about  2.6  square  feet.  The  pro¬ 
totype  canister  is  aluminum. 

The  canister  is  constructed  in  two  parts.  The  lower  part,  which  rests  against  the  launch 
vehicle,  is  bolted  to  canister  support  brackets  attached  to  the  tunnel  floor  structure.  The  up¬ 
per  part  of  the  canister,  which  contains  the  packaged  tunnel,  is  attached  to  the  lower  part  with 
separation  screws  that  pass  through  the  openings  in  pyrotechnic  guillotines.  This  design  al¬ 
lows  the  upper  part  of  the  canister  to  be  jettisoned  for  deploying  the  tunnel  by  detonating  the 
guillotines.  Detonation  of  the  guillotines  cuts  the  separation  screws  and  supplies  a  separating 
force  between  the  upper  and  lower  canister  parts.  This  design  also  allows  the  canister  to  be 
jettisoned  with  the  tunnel  as  a  unit  in  case  of  mission  abort. 

6.  Fabrication  Technique 

The  fabrication  tool  for  the  transfer  tunnel  involves  the  use  of  a  rigid  polyurethane  foam 
mandrel  machined  to  the  interior  contour  of  the  tunnel  and  mounted  on  a  movable  fixture.  The 
prototype  mandrel  and  fixture  are  shown  in  Figure  6.  The  sandwich  floor  panels  are  fabricated 
as  subassemblies  by  proven  bonding  procedures  meeting  military  specifications.  After  the  two 
floor  panels  are  mechanically  joined  to  form  a  complete  tunnel  floor  structure,  the  floor  struc¬ 
ture  becomes  part  of  the  fabrication  tool.  The  completed  prototype  tunnel  floor  Is  shown  in 
Figure  7. 

The  mandrel  is  sprayed  with  a  separating  material  to  prevent  adhesion  of  the  pressure 
bladder  to  the  mandrel,  and  the  pieces  of  the  pressure  bladder  that  are  cut  to  size  from  pat¬ 
terns  are  placed  on  the  mandrel  and  spliced  together.  The  film-cloth  laminate  ply  of  the  pro¬ 
totype  pressure  bladder  is  shown  in  Figure  8.  The  floor  is  coated  with  adhesive  and  placed  in 
position  against  the  foam  mandrel  so  that  the  pressure  bladder  becomes  attached  to  the  floor 
as  required.  The  tool  is  then  complete  and  is  ready  to  receive  the  remaining  layers  of  the 
composite  wall.  The  completed  prototype  pressure  bladder  with  the  floor  attached  is  shown  in 
Figure  9. 

The  cloth  patterns  for  the  structural  cloth  wall  are  then  placed  on  the  mandrel  with  each 
ply  of  cloth  coated  with  adhesive  for  interply  adhesion. and  with  the  seams  in  each  ply  staggered 
so  that  no  seams  are  coincidental,  and  the  cloth  layer  is  attached  to  form  the  wall-floor  joint. 
The  completed  prototype  tunnel  4-ply  Dacron  cloth  structural  layer  with  the  completed  wall- 
floor  epoxy  joint  is  shown  in  Figure  10.  The  entire  assembly  is  then  vacuum  bagged  and  oven 
cured  to  provide  the  pressure  and  heat  required  to  allow  the  adhesives  to  reach  full  strength. 
The  2- inch  polvether  foam  and  the  outer-cover  arc  fabricated  in  a  similar  manner.  The  pro¬ 
totype-  foam  barrier  is  shown  in  Figure  11. 

When  the  composite  w«til  lav-up  is  complete,  the  rigid  foam  mandrel  is  removed  by  chip¬ 
ping  it  out  in  chunks  through  the  hatch-matching  holes  in  the  tunnel  floor.  The  prototype  tunnel, 
complete  except  for  the  thermal  coating,  with  the  rigid  foam  mandrel  removed  Is  shown  in 
Figure  12. 
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Figure  12.  Prototype  Tunnel  with  Mandrel  Removed 


7.  Human  Factors  Considerations 

The  crew  transfer  tunnel  interior  dimensions  of  28  inches  clear  height  at  the  MSS  end 
and  38  inches  clear  height  at  the  Gemini  end  were  established  by  RTD  as  a  result  of  zero-G 
transfers  through  a  mock-up  tunnel.  Types  and  locations  of  crew  locomotion  aids  and  tunnel 
interior  lighting  were  studied  by  the  human  factors  engineers  in  the  Life  Sciences  Research 
Department  of  GAC.  The  results  of  these  studies  are  incorporated  in  the  tunnel  design  and 
are  included  in  the  fabrication  of  the  prototype  tunnel. 

Locomotion  aids  consist  of  0.75-inch  diameter  nylon  cords  extending  along  each  side  of 
the  floor  from  the  Gemini  hatch  opening  to  the  MSS  hatch  opening.  The  ends  of  the  hand  cords 
are  attached  to  the  floor  with  clamps.  The  ccrds  are  held  4  inches  above  the  floor  by  inter¬ 
mittently  placed  flexible  foam  cubes. 

For  tunnel  interior  lighting,  two  strips  of  Sylvania  flexible  strip  lighting  are  cemented 
along  each  side  of  the  tunnel  wall  about  1.  5  inches  above  the  floor.  A  6-foot  strip  extends 
from  the  angular  contour  change  in  the  tunnel  floor  to  the  Gemini  hatch  opening,  and  a  2-foot 
strip  extends  from  the  contour  change  to  the  MSS  hatch  opening.  Evaluation  of  the  lighting  in 
the  prototype  tunnel  indicates  that  the  design  i3  quite  adequate  for  tunnel  interior  illumination. 
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D.  o/STEM  SUPPORTING  ANALYSES 

1.  General 

The  supporting  analyses  performed  to  substantiate  the  tunnel  design  are  discussed  in  the 
following  paragraphs. 

2.  Thermal  Analysis 

The  primary  objective  of  the  thermal  design  is  to  maintain  the  tunnel  interior  at  com¬ 
fortable  temperatures  for  astronaut  transfer  while  limiting  the  exterior  surface  hot  and  cold 
spot  temperatures  to  values  within  the  material  capabilities.  Thermal  design  optimization 
would  depend  upon  Gemini-  MSS  system  parameters  that  are  undefined,  and  optimization  is 
therefore  considered  beyond  the  scope  of  this  study. 

The  only  major  difficulty  involved  in  the  thermal  design  is  passively  maintaining  the  re¬ 
quired  internal  temperature  of  75  (±25)°F.  Three  possible  thermal  design  systems  are  pre¬ 
sented  which  would  satisfy  this  requirement  reasonably  well  for  most  orbits  and  orientations 
provided  that  the  orbit  and  orientation  were  specified  before  the  thermal  coatings  are  selected. 
There  are  some  orbits  and  orientations,  however,  where  the  interior  cannot  be  passively 
maintained  at  comfortable  temperatures,  and  either  a  specific  orientation  or  the  addition  of  heat 
to  the  tunnel  would  be  required. 

The  three  possible  thermal  designs  have  the  common  features  of  the  addition  of  thermal 
insulation  to  the  floor,  the  application  of  a  low  solar  absorptance  to  emittance  ratio  (a/e)  white 
paint  to  the  tunnel  interior,  and  the  covering  of  the  entire  expandable  wall  with  an  aluminized 
film  substrate.  The  three  thermal  design  coating  systems  are  as  follows: 

(1)  The  tunnel  would  be  uniformly  covered  with  stripes  of  aluminized  silicone  white 
paint  for  an  average  a/e  ratio  of  approximately  2. 

(2)  The  thermal  coating  of  (1)  would  be  used  with  the  quantity  of  painted  stripes  varied 
locally  to  alleviate  hot  spots. 

(3)  The  tunnel  would  be  covered  with  thin  layers  of  silicon  monoxide  applied  in  some 
locations  and  stripes  of  aluminized  silicone  white  paint  applied  unevenly  over  the 
entire  surface. 

From  a  thermal  viewpoint,  the  expandable  crew  tranefer  tunnel  Is  definitely  feasible  and 
within  the  state  of  the  art. 

3.  Structural  Analysis 

The  structural  analysis  was  performed  to  demonstrate  the  structural  integrity  of  the 
tunnel.  The  structural  cloth  layer  of  the  composite  wall  has  a  factor  of  safety  of  5  for  an  in¬ 
flation  pressure  of  7. 5  psl  after  consideration  of  plying  and  seaming  efficiencies  and  creep- 
rupture  effects  due  to  long  periods  of  time  under  load.  The  metal  floor  structure,  the  attach¬ 
ments,  and  the  separation  rings  are  designed  to  have  safety  factors  of  2  on  yield  strength  and 
3  on  ultimate  strength.  The  analysis  shows  that  all  parts  have  a  positive  margin  of  safety 
when  compared  to  these  criteria. 

4.  Meteoroid  Hazard  Analysis 

The  composite  wall  puncture  hazard  due  to  micrometeoroids  is  assessed  in  terms  of  a 
probability  of  zero  penetrations  of  0. 995  for  a  60-day  mission.  The  analysis  shows  that  the 
critical  mass  is  8. 12  x  10~*  g,  which  is  the  largest  projectile  the  foam  barrier  material  must 
be  capable  of  stopping  to  ensure  a  0. 995  probability  of  zero  penetrations.  This  critical  mass 
would  require  ..  barrier  of  single  sheet  aluminum  with  a  thickness  of  0. 2024  l,*  h.  Hypervelocity 
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particle  impact  tests  have  shown  the  foam  barrier  material  to  be  16  times  as  effective  as  sinale 

Z'ff'  T  ”?*  f ea  ba“»'  ‘-ick  PO^r  foa™  w,  “a 

nMhlki m  1  ,  pcf  1  quM®  ade<?uate  tOT  the  crew  transfer  tunnel  application  to  ensure  a 
probability  of  zero  penetrations  of  at  least  0. 995.  io  ensure  a 

5.  Radiation  Analysis 


The  radiation  analysis  was  performed  to  ascertain  the  materials  and  biological  implica¬ 
tions  of  proton,  alpha  particle,  and  electron  radiation  in  space.  The  tunnel  will  be  subjected 
to  electron  radiation  in  any  near-earth  orbit,  and  to  high  energy  proton  and  alpha  particle  radi¬ 
ation  for  approximately  half  the  time  in  a  polar  orbit.  Since  it  is  felt  that  astronaut  transfer 
could  take  place  during  periods  of  no  radiation  during  a  polar  orbit,  no  consideration  is  given 
to  the  proton  and  alpha  particle  radiation  dosage  that  an  astronaut  inside  the  tunnel  might  re¬ 
ceive. 


The  maximum  high  energy  proton  and  alpha  particle  radiation  dose  received  by  any  part 
of  the  tunnel  wall  is  2  x  105  rads,  most  of  which  is  absorbed  by  the  outer  cover,  and  the  radia¬ 
tion  dose  received  by  the  foam  barrier  and  structural  layer  is  less  than  2  x  10*  rads.  A  very 
conservative  value  for  the  electron  radiation  dose  received  by  any  part  of  the  tunnel  wall  is 
less  than  2  x  10®  rads,  most  of  which  is  absorbed  by  the  outer  cover.  The  remainder  is 
mostly  absorbed  by  the  inner  layers  of  the  tunnel  wall,  and  virtually  no  electron  radiation  will 
penetrate  to  the  tunnel  interior. 

Since  test  data  indicates  that  the  tunnel  wall  material  can  withstand  radiation  dosages  of 
10®  rads  with  virtually  no  damage,  the  radiation  dose  expected  for  the  crew  transfer  tunnel 
presents  no  problem  with  regard  to  material  damage. 

6.  Weight  Summary 

In  conjunction  with  the  design  shown  In  Figure  2,  a  summary  of  the  weight  analysis  for 
the  expandable  Gemini  to  MSS  crew  transfer  tunnel  is  given  in  Table  I. 

E.  MATEUIALS  EVALUATION  AND  TESTS 

1.  General 

The  materials  appioach  of  utilizing  the  composite  material  construction  developed  on 
previous  in-house  company-funded  pr -grams  was  selected  as  being  ihe  best  suited  to  satisfy 
the  requirements  of  the  tunnel  design.  Although  the  materials  selection  required  no  further 
development  effort,  sufficient  material  qualification  testing  was  conducted  to  ensure  that  the 
materials  met  the  structural  and  environmental  requirements. 

2.  Structural  Aspects 

The  selection  of  four  plies  of  Dacron  cloth  for  the  structural  layer  of  the  composite  wall 
was  based  on  the  material's  high  strength  to  weight  ratio,  relatively  low  elongation,  good 
cr  eep-rupture  resistance,  and  on  the  use  of  ruultlpie  plies  to  achieve  the  essentially  seamless 
construction  desired.  T^r's  conducted  on  the  four-ply  material  show  that  a  factor  of  safety  of 
5  based  on  the  stresses  produced  by  an  inflation  pressure  of  7.  5  psi  is  attained  after  strength 
degradation  due  to  multi-ply  lamination  and  creep  rupture  effects. 

Initial  tests  of  the  bondtd  wall  to  floor  joint  indicated  a  50  percem  load  capability  com¬ 
pared  to  the  parent  structural  cloth  strength.  Consequently,  the  design  evolved  to  the  eight- 
ply  splice  bonded  to  the  floor  with  rigid  epoxy  and  bonded  to  the  four-ply  structural  layer  with 
flexible  polyester  adhesive.  Subsequent  testing  substantiated  the  joint  design  as  being  fully 
capable  of  carrying  the  required  loads. 

r 


20 


Table  I.  Weight  Estimate 


Transfer  Tunnel 


227  lb 


Expandable  Composite  Wall . 81.3  1b 

Thermal  Control  Coating . 2. 7  lb 

Outer  Cover  Laminate . 5. 3 

Polyether  Foam . 23. 3 

Dacron  Structural  Layer . 30. 5 

Pressure  Bladder . 16.3 

Inner  Coating .  3.2 

Sandwich  Floor  Structure . 89. 2  lb 

Sandwich  Panels . 69. 7  lb 

Joints  and  Hardware .  2. 3 

Insulation .  2.0 

Canister  Support  Brackets . 15.2 

Wall-  Floor  Attachment . 1 5. 4  lb 

Hatch  Attachment-Separation  System . 22. 2  lb 

Circular  Separation  Ring . 9. 1  lb 

Elliptical  Separation  Ring . 6.3 

FLSC  and  Backup  Structure . 2.4 

Hardware . 4.4 

Lighting  and  Locomotion  Aids .  8. 8  lb 

Inflation  System . 10. 1  lb 


Packaging  Canister 


148  lb 


Sandwich  Cover . 110.0  1b 

Lower  Panels . .  .  24.0lb 

Upper  Panels . 73.  5 

Hardware . 12. 5 

Insulation . 17.6  lb 

Pyrotechnic  Separation  System . 20. 4  lb 

Guillotines .  4.6  lb 

Brackets . 11.6 

Hardware  .  .  .  4.2 


Total  Weight  . 


375  lb 


3.  Permeability 

To  substantiate  the  gas  pressure  tightness  of  the  pressure  bladder,  permeability  tests 
were  conducted  on  pressure  bladder  samples  with  an  atmosphere  of  100  percent  oxygen  and 
a  5-psia  pressure  differential.  The  maximum  test  permeability  rate  was  1  x  10-4  psf  par 
day,  or  a  gas  loss  for  the  tunnel  of  less  than  0. 02  pound  per  day. 

4.  Environmental  Hazards  Resistance 

Environmental  effects  on  the  materials  require  the  consideration  cf  vacuum,  thermal 
extremes,  ultraviolet  and  high  energy  radiation,  and  micrometeoroids.  Tests  of  the  composite 


21 


eSo^re  to  10^S^°<rVaery  tLwfCh!eVed‘  The  8tructural  integrity  is  not  affected  by 
SO™  1  10 a,  !?  °f  gamma  radiatlon.  and  the  tolerance  of  the  other  composite  layers  to 
high  energy  relation  is  higher  than  the  anticipated  dose.  The  resistance  to  punctures  from 
micrometeoroids,  discussed  earlier  in  this  section,  indicates  that  the  probability  of  zero  pene¬ 
trations  .or  the  barrier  material  of  polyether  foam  exceeds  0. 995  for  a  60-day  mission. 

F.  PRELIMINARY  QUALIFICATION  TESTING 


1.  General 


The  prototype  expandable  crew  transfer  tunnel  was  subjected  to  preliminary  qualification 
testing  to  substantiate  the  design.  This  program  Included  a  packaging  test,  pressure  proof  test, 
pressure  leak  test,  cyclic  pressure  test,  and  vacuum  chamber  deployment  test.  Zero-G  flight 
tests  are  to  be  conducted  on  the  KC-135  zero-G  aircraft  at  Wrieht-Patterson  A^B,  and  these 
tef  t  results  will  be  reported  in  Pari  in  of  this  report. 

A  steel  test  carrier  with  mock-up3  simulating  the  Gemini  and  MSS  access  hatches  was 
fabricated  to  support  the  prototype  tunnel  during  the  preliminary  qualification  testing.  Each 
access  hatch  is  fitted  with  a  hatch  cover  utilizing  an  O-rirsc  seal  for  pressure  tightness.  The 
completed  prototype  tunnel  mounted  on  the  test  carrier  it  Shown  in  Figure  13. 


Figure  13.  Prototype  Tunnel  Mounted  on  Test  Carrier 
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2.  Packaging  Test 

The  packaging  test  was  conducted  to  establish  the  minimum  attainable  packaging  height . 
Both  the  tunnel  interior  and  the  meteoroid  barrier  foam  were  evacuated  with  vacuum  lines  so 
that  the  expandable  wall  material  could  be  compressed  as  much  as  possible.  The  most  effi¬ 
cient  folding  procedure  utilized  a  vertical  accordion  fold  with  the  creases  running  lengthwise 
along  the  tunnel  and  the  hemisphericaTends  folded  back  across  the  lengthwise  folds.  When  the 
minimum  packaging  height  was  established,  the  canister  was  match-drilled  with  the  canister 
support  brackets  attached  to  the  tunnel  floor.  The  minimum  packaging  height  was  established 
as  3-3/8  inches  from  the  top  of  the  floor  to  the  inside  surface  of  the  canister.  The  initial 
vacuum  line  evacuation  is  shown  in  Figure  14,  and  the  packaged  tunnel  is  shown  in  Figure  15. 
The  folded  tunnel  with  the  canister  removed  is  shown  in  Figure  5. 

After  the  completion  of  the  packaging  test,  the  prototype  tunnel  mounted  on  the  test  ear¬ 
ner  oed  was  placed  In  the  GAC  pressure  test  room  for  pressure  proof  and  leak  tests. 

3.  Pressure  Proof  Test 

tk,  nf  th*  nroof  test  was  to  establish  the  structural  integrity  of  the  tunnel  by 

rr  -.intaining  an  inflation  pressure  of  10  psi,  1.  33  times  the  design  inflation  pressure  of  7.  5  psi, 
for  a  period  of  seven  days.  The  pressure  was  maintained  during  the  test  by  regulators  cap¬ 
able  of  maintaining  pressure  within  ±0.2  inch  of  mercury,  or  ±0.1  psi.  Pressure  and  temper¬ 
ature  were  recorded  periodically  during  the  seven-day  period.  The  pressurized  tunnel  in  the 
pressure  test  room  at  the  end  of  the  seven-day  period  is  shown  in  Figure  16.  The  test  instru¬ 
mentation  is  shown  outside  the  test  room  in  Figure  17. 


Figure  14.  Vacuum  Evacuation  for  Packaging  Test 
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-4.  Vrv  m;  r  (■ 


I 

I  •  ,ik  I  *- xi  I 

The  pressure  leak  test  was  conducted  to  establish  the  tunnel  leak  rate  for  a  per  tod  of  | 

seven  days  while  being  pressurized  to  the  design  pressure  of  7.  5  psi.  The  test  arrangement  { 

was  the  same  as  tor  the  proof  test  except  'hat  a  bottle  of  compressed  air  placed  on  a  calibrated 
platform  scale  was  used  as  the  pressurization  air  supply  instead  of  shop  air  lines  and  the  in¬ 
flation  pressure  was  reduced  to  7.  5  psi.  Barometer  readings,  compressed  air  bottle  weight, 
tunnel  interior  tempe.ature,  and  inflation  pressure  were  recorded  at  the  beginning  and  the  end 
of  the  seven-day  period  and  were  monitored  periodically  during  the  test.  The  leak  rate  was 
determined  by  calculating  the  initial  weight  of  air  contained  in  the  tunnel,  adding  the  weight 
loss  of  the  compressed  air  bottle,  subtracting  the  calculated  final  weight  of  air  contained  in 
the  tunnel,  and  dividing  the  total  weight  change  by  the  time  involved.  The  total  air  weight  loss 
was  7. 70  pounds  for  the  seven-day  period.  Converting  this  loss  to  a  weight  loss  of  a  mixture 
of  50  percent  nitrogen  and  50  percent  oxygen  under  orbital  conditions  established  the  leak  rate 
to  be  0.  50  pounds  of  gas  per  day  for  an  inflation  pressure  of  7.  5  psia  with  the  tunnel  exterior 
in  a  vacuum. 

5.  Cyclic  Pressure  Test 

The  purpose  of  the  cyclic  pressure  test  was  to  establish  Lhe  durability  of  the  tunnel  WiT> 
respect  to  cyclic  loading.  The  test  arrangement  was  similar  to  the  pressure  proof  test  (infla¬ 
tion  air  supplied  by  shop  air  lines)  except  that  a  vacuum  line  was  also  attached  to  the  test  car¬ 
rier  hatch  cover.  The  tunnel  was  pressurized  to  7.  5  psi  in  approximately  20  seconds.  The 


vacuum  pump  Hne  was  then  opened.  and  the  tunnel  was  evacuated  until  l'-  .started  t  c-'Uapst- 
It  was  then  pressurized  again  to  7.  5  psi.  This  procedure  was  repeated  until  the  tunnel  had 
been  pressurized  60  times.  There  were  nc  visible  signs  of  rigid  structure  deformation  during 
the  test,  and  no  visual  signs  of  any  damage  were  observed  at  the  completion  of  the  test. 


6.  Vacuum  Chamber  Deployment  Test 


The  purpose  of  this  te6t  was  to  demonstrate  the  deployment  of  the  expandable  tunnel  under 
vacuum  conditions  of  10"4  mm  Hg,  and  to  establish  the  ieak  rate  for  24  hours  >,nder  the  same 
conditions.  The  test  was  conducted  In  th».  Aerospace  Environmental  Facility  (AEF)  new  Mark 
I  vacuum  chamber,  which  is  40  feet  in  diameter  and  80  feet  high,  at  Arnold  Engineering  De¬ 
velopment  Center  (AEDC),  Tennessee. 


The  test  carrier  with  the  packaged  tunnel  attached  was  lowered  into  the  chamber  through 
the  22-foot  diameter  access  port.  This  operation  Is  shown  in  Figure  18.  The  test  carrier  bed 
was  rotated  so  that  the  packaged  tunnel  was  in  an  inverted  position,  and  all  instrumentation  and 
controls  were  connected  and  checked.  The  chamber  was  sealed  and  pumped  down  to  a  vacuum 
of  3  x  10"5  mm  Hg.  During  the  pump-down,  the  solenoid  valves  mounted  on  the  test  carrier 
access  hatch  covers  were  opened  to  allow  the  packaged  tunnel  internal  pressure  to  decrease 
with  the  chamber  pressure.  This  was  done  In  order  to  evaluate  the  elastic  recovery  action  of 
the  meteoroid  barrier  foam  as  a  deployment  device  in  expanding  the  packaged  tunnel  to  the  de¬ 
sired  shape  instead  of  expanding  due  to  the  pressure  of  the  entrapped  gas.  When  the  chamber 
pressure  was  stabilized  at  3  x  10*'®  mm  Hg,  the  solenoid  valves  were  closed  with  a  tunnel  in¬ 
ternal  pressure  of  4  mm  Hg.  The  packaged  tunnel  in  the  vacuum  chamber  prior  to  deployment 
is  shown  in  Figure  19. 


The  pyrotechnic  guillotines  were  then  fired  to  cut  the  12  canister  separation  screws  and 
eject  the  canister  cover,  allowing  the  folded  tunnel  to  deploy.  Canister  separation  and  ejection 
occurred  as  planned.  The  guillotines  supplied  sufficient  separating  force  to  hurl  the  canister 
cover  away.  However,  the  elastic  recovery  energy  of  the  foam  was  not  sufficient  to  shape  the 
tunnel,  and  it  was  necessary  to  pressurize  the  tunnel  to  approximately  0.25  psia  to  overcome 
the  stiffness  of  the  packaging  folds  and  completely  shape  the  tunnel.  The  deployed  unpres¬ 
surized  tunnel  is  shown  in  Figure  20,  and  the  almost  completely  shaped  tunnel  at  0. 15  psia  is 
shown  In  Figure  21.  The  completely  shaped  tunnel  .it  0.25  psia  is  shown  in  Figure  22. 

The  tunnel  was  then  further  pressurized  to  7.  5  psia  with  C(>2,  and  the  pressure,  growth, 
and  temperature  were  allowed  to  stabilize  for  2  hours  before  the  24-hour  leak  check  war 
started.  The  actual  stabilized  pressure  was  7. 1  psia  at  the  beginning  of  the  24-hour  period. 

At  the  end  of  the  24-hour  period  the  pressure  was  7. 0  psia.  During  the  test  period  the  chamber 
pressure  decreased  from  5.  5  x  10"®  n;m  Hg  to  2. 4  x  10-5  mni  Hg  with  a  nearly  linear  decline. 
Converting  the  leakage  to  a  weight  loss  of  a  mixture  of  50  percent  nitrogen  and  50  percent  oxy¬ 
gen  established  the  leak  rate  to  be  0. 40  pound  of  gas  per  day  under  orbital  conditions.  This 
leak  rate  compares  favorably  with  the  rate  of  0,  50  pound  of  gas  per  day  for  the  ambient  at¬ 
mosphere  pressure  leak  test,  indicating  that  the  permeability  is  not  unfavorably  affected  by  the 
vacuum  environment.  The  deployed  tunnel  after  pressurisation  in  the  vacuum  is  shown  in  Fig¬ 
ure  23.  The  tunnel  pressurized  to  2  psig  alter  the  chamber  return  to  ambient  pressure  is 
shown  in  Figure  24. 

7.  Zero-G  Flight  Tes* 

Zero-G  flight  tesla  are  to  be  conducted  on  the  KC-135  zero-G  aircraft  at  Wright 
Patterson  AFB.  The  purpose  of  the  tests  is  to  ascertain  man's  ability  to  transfer  through  the 
tunnel  in  zero  G.  Also  to  be  evaluated  it;  man  s  ability  to  utilize  the  GAC  repair  kit  in  zero-G 
to  repair  simulated  damage  to  the  tunnel.  The  test  results  will  be  reported  in  Part  fH  of  this 
report.  Since  the  tunnel  expanded  geometry  was  prescribed  by  the  simulated  tunnel  mock-up 
previously  used  successfully  to  demonstrate  zero-G  transfers,  no  major  problems  are  antici¬ 
pated  in  this  area. 


Figure  18.  Packaged  Tunnel  Being  Lowered  into  Vacuum  Chamber 


Figure  19.  Packaged  Tunnel  in  Vacuum  Chamber  prior  to  Deployment 
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SECTION  in 


CONCEPT  CONSTRAINTS 


A.  MISSION  OBJECTIVE 

The  crew  transfer  tunnel  was  designed  to  provide  a  safe  method  of  transferring  the  crew 
from  the  Gemini  capsule  to  the  crew  station  in  orbit.  The  major  constraints  imposed  on 
the  tunnel  design  by  operational,  human  facto,  s,  structural  and  materials,  attachment, environ 
mental,  and  packaging  requirements  are  discussed  in  this  section. 

B.  GENERAL  OPERATIONAL  REQUIREMENTS 

1.  General 

This  Gemini -MSS system  has  four  phases  of  operation  (pad,  boost,  orbit,  and  re-entry) 
for  which  general  operational  requirements  vicre  established. 

2.  Launch  Pad  Requirements 

A  modular  tunnel  design  is  required  that  will  permit  prepackaging  of  the  expandable 
tunnel  prior  to  mounting  on  the  Gemini-  MSS  system.  The  astronauts  should  have  quick  in¬ 
gress  and  egress  capability  to  and  from  the  Gemini  capsule  with  the  modular  tunnel  attached. 
The  packaging  canister  is  required  to  provide  protection  from  the  terrestrial  environment 
encountered  on  the  launch  pad  at  either  the  Pacific  Missile  Range  or  the  Atlantic  Missile 
Range. 

3.  Boost  Phase  Requirements 

The  packaged  tunnel  and  canister  are  required  to  have  a  minimum  effect  on  the  aerody¬ 
namics  of  the  total  launch  system.  The  canister  design  is  required  to  provide  sufficient  in¬ 
sulation  to  prevent  the  encountered  aerodynamic  heating  from  thermally  damaging  the  tunnel. 
The  modular  design  is  also  required  to  have  the  capability  of  being  liislanUy  jettisoned  away 
from  the  Gemini-  MSS  system  in  case  of  mission  abort. 


4.  Orbital  Flight  Phase  Requirements 

Once  the  Gemlni-MSS  system  is  in  orbit,  the  expandable  crew  transfer  tunnel  packaging 
canister  is  required  to  be  jettisoned  away.  The  expandable  tunnel  should  then  tend  to  deploy  to 
about  90  percent  of  its  fully  expanded  configur»ii:m  without  any  internal  pressurization.  The 
deployed  tunnel  is  required  to  be  pressurized  with  an  internal  pressure  as  low  as  3.  5  psia  or 
as  high  as  7.  5  psia.  The  tunnel  may  or  may  not  be  pressurized  100  percent  of  the  mission 
duration  of  45  days,  but  is  required  to  resist  the  total  space  environment  to  be  encountered  in 
orbits  ranging  from  100  to  300  nautical  miles  in  either  case. 


5.  Re-entry  Phase  Requirements 

The  moouiar  tunnel  is  required  to  be  jettisoned  away  from  the  Gemini- MSS  system  prior 
to  separation  of  Gemini  from  MSS  for  the  re-entry  sequence. 

C.  HUMAN  FACTORS  REQUIREMENTS 

1 .  General 

The  expanded  tunnel  configuration  la  required  to  provide  space  for  the  efficient  transfer 
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ot  astronauts  or  disabled  astro  mu ts  from  Gemini  to  MSS  and  vice  versa.  Interior  tunnel 
lighting;  is  required,  and  locomotion  aids  are  required  for  the  crew 

2.  Interior  Size  and  Geometry 

The  tunnel  interior  size  and  geometry  should  provide  space  for  an  astronaut  carrying 
limited  size  package*  (j  cubic  foot)  or  an  astronaut  transferring  an  injured  astronaut  to  move 
freely  end  transfer  efficiently.  Astronauts  will  be  dressed  in  space  suits  and  will  be  wearing  a 
chest-  or  back-mounted  environmental  life  support  system.  In  the  event  of  tunnel  pressuriza¬ 
tion  failure,  the  astronaut  is  required  to  transfer  in  a  pressurized  space  suit. 

3.  Locomotion  Aids 

Built-in  locomotion  aids  that  will  not  damage  the  astronaut's  space  suit  or  jeopardize  the 
tunnel's  structural  integrity  are  required  to  facilitate  the  transfer  of  an  astronaut  or  the  trans¬ 
fer  of  an  unconscious  astronaut  by  another  astronaut  when  the  tunnel  is  either  fully  pressurized 
or  non- pressurized. 

4.  Interior  Lighting 

The  tunnel  is  required  to  have  interior  built-in  lighting  to  provide  sufficient  iight  to  per¬ 
mit  crew  transfer  or  small  equipment  transfer, 

D.  STRUCTURAL  AND  MATERIALS  REQUIREMENTS 

1 .  General 

The  tunnel  expandable  wall  structure  is  required  to  be  a  minimum  weight  inuitilaminate 
composite  consisting  of  a  nonabrasive  tunnel  liner,  pressure  bladder,  fiber  load-carrying 
structure,  flexible  foam  meteoroid  barrier,  and  passive  thermal  control  coating.  There 
should  be  no  delamination  as  a  result  of  folding,  packaging,  residual  air  entraoment,  or  re¬ 
lease  of  volatiles,  which  may  be  encountered  during  prelaunch,  launch,  and  space  environ¬ 
mental  c««ndmons.  Tne  tunnei  is  required  i©  remain  sumcienity  rig*!  to  astronauts  to 

effect  a  crew  transfer  when  the  tunnel  is  not  pressurized  where,  although  in  a  zero-G  environ¬ 
ment,  there  would  be  dynamic  loading  resulting  from  the  astronaut's  motions.  The  tunnel 
load-carrying  structure  is  required  to  resist  7.  5-psia  internal  pressure,  which  is  the  princi¬ 
pal  load  or.  the  tunnel-  A  material  system  is  also  required  that  could  be  utilized  to  repair 
♦•ars  or  particle  penetrations  in  the  tunnel. 

2  Interior  Nonabrantve  Liner 

A  nonabrasive  interior  tunnel  lines  is  required  to  minimize  abrasion  between  the  tunnei 
and  an  astronaut's  space  suit. 

3.  Airtight  Pressure  Bladder 

The  pressure  bladder  Is  required  to  be  constructed  of  materials  thai  will  not  give  off 
toxic  by-products  in  orbit  regardless  of  whether  the  tunnel  is  pressurized  or  nor, pressurized. 
The  pressure  bladder  is  required  to  maintain  the  toial  leak  rate  rf  the  hr**.'?!  ic  no 
than  0.  5  and  1  pound  per  day  at  irtemal  pressures  of  3. 3  psia  a**'  7. 5  psia  respectively. 

4.  Load-Carrying  Structure 

The  modular  tunnel  load-car rylrg  structure  is  required  to  resist  an  internal  pressure  of 
7. 5  psia.  The  fiber  portion  of  the  multilayer  composite  wall  is  required  to  resist  the  internal 
pressure  with  a  safety  factor  of  5,  Thn  men l  structure  associated  with  the  modular  design  is 
required  to  resist  the  internal  pressure  with  a  safety  factor  of  3  on  yield  strength  and  a  safety 
factor  of  3  on  ultimate  strength.  These  factors  of  safety  art  to  be  maintained  after  degradation 


of  the  physical  and  me'  nanirai  pr  -pert tea  of  the  material*  due  v>  temperature  load  du-atinn. 
vacuum.  uJtrrw,'',*t  radu.mn,  and  electron  radiation  has  been  considered  Strut tural  splices 
and  joints  are  -.paired  to  develop  100  r.,cc;:t  <’#  the  required  load-cam ing  capacity  of  ti.° 
normal  tunnel  materia!. 

5.  Meteoroid  Barrier 

A  1  to  2  pcf  density  flexible  foam  meteoroid  barrier  1  to  2  inches  thick  Is  required  on 
the  exterior  of  the  fiber  load-carrying  structure  to  provide  a  probability  of  resisting  puncture 
of  0.995  for  a  60-day  mission  at  an  orbit  of  100  to  300  nautical  mtlps. 

6.  Passive  Thermal  Control  Coating 

A  passive  thermal  control  coating  is  required  for  the  exterior  surface  of  the  tunnel.  The 
coating  must  maintain  an  interior  surface  temperature  of  75  (±25)°F  while  maintaining  extcxior 
surface  temperatures  within  the  capabilities  range  of  the  materials. 

7.  Repair  Materials 

A  nontoxic  material  system  is  required  that  could  be  used  on  the  inside  of  thi  tunnel  in  a 
vacuum,  pure  oxygen  atmosphere,  or  a  normal  atmosphere  to  repair  tears  or  partite  pene¬ 
trations  in  the  tunnel.  The  materials  should  be  able  to  activate  nearly  instantaneously  and 
should  be  capable  of  being  utilized  in  zero-  G.  Self- sealing  systems  are  not  applicable  for  this 
effort  because  of  their  high  weight  per  unit  area. 

E.  ATTACHMENT  REQUIREMENTS 

The  attachments  that  secure  the  modular  crew  transfer  tunnel  to  the  Gemini- MS8  system 
are  required  to  minimize  leakage,  provide  quick  access  to  Gemini  or  MSS  or.  the  launch  pad, 
and  provide  quick  release  in  the  event  of  abort. 

F.  ENVIRONMENTAL  REQUIREMENTS 

1.  General 

The  environments  to  which  the  trarsfer  tui,..cr!  will  be  exposed  are  internal  pressuriza¬ 
tion  and  external  space. 

2.  Internal  Pressurization 

"he  tun..ci  is  required  to  be  designed  for  an  internal  pressure  of  7.  5  psia  for  45  days, 
although  the  tunnel  will  probably  be  pressurized  and  depressurized  several  times  during  the 
mission.  For  this  r*2=0!’  the  tonne!  is  required  to  vlthstana  60  repeated  pieswrization  and 
depressurization  cycles.  The  tunnel  materials  are  required  to  be  compatible  with  a  pure 
oxygen  atmosphere  cr  a  mixture  of  oxygen  and  nitrogen  with  a  pressure  range  of  3.  5  ps'.*  to 
7.  5  psia  and  a  relative  humidity  range  of  0  to  50  percent, 

3.  External  Space  Environment 

The  external  space  environment  that  the  tunnel  Is  required  to  resist  is  <»  vacuum  of  at 
least  1  x  !0-‘>  mm  Hg  with  solar  ultraviolet  radiation,  high  energy  proton  and  alpha  particle 
radiation,  and  low  energy  electron  radiation,  and  the  best  available  meteoroid  environment. 

G.  PACKAGING  REQUIREMENTS 

The  expandable  crew  transfer  tunnel  Is  required  to  be  packaged  in  »  modular  design  can¬ 
ister  against  the  aide  of  the  Gemini- MSS  vehicle  in  a  minimum  package  volume  that  would  have 
a  minimum  effect  on  the  aerodynamics  of  the  total  launch  system.  The  modular  tunnel  and 
packaging  canister  design  Is  required  to  provide  quick  and  easy  ingress  and  egress  from  the 
Gemini  capsule  on  the  laurth  pad  while  also  having  the  capability  of  being  Instantly  jettisoned 
away  from  the  Gemini- MSS  system  in  case  of  missitn  abort. 


SECTION  rv 


MODULAR  Ch£W  TRANSFER  TUNNEL 


A.  GENERAL 

The  expandable  Gemini  to  M88  modular  crew  transfer  tunnel  was  specifically  designed 
to  satisfy  the  mission  objective  of  providing  a  safe  method  of  transferring  the  crew  from  the 
Gemini  capsule  to  the  crew  station  it  orbit.  The  tunnel  was  designed  under  the  major 
constraints  imposed  by  human  factors  'vmsiderailons  and  by  general  operational  and  environ¬ 
mental  requirements.  A  prototype  tunnel  was  fabricated  and  subjected  to  preliminary  qualifi¬ 
cation  testing  to  substantiate  the  design  and  verify  the  feasibility  of  the  modular  tunnel  concept. 

B.  DESIGN  OBJECTIVES 

1 .  General 

Human  factors  considerations  controlled  the  general  configuration  of  the  tunnel,  the  de¬ 
sign  of  the  locomotion  aids,  and  the  tunnel  interior  lighting.  The  nontoxic  requirement  of 
tunnel  construction  materials  is  also  a  human  factors  consideration.  The  fine*  design  of  the 
tunnel  was  then  controlled  by  mission  considerations  including  launch  pad  and  boost  require¬ 
ments,  orbtta.  operation,  and  mission  termination. 

2.  Humar  Factors 

The  human  factors  design  requirements  were  established  by  Air  Force  lr.- house  pro¬ 
grams.  By  a  cooperative  effort  between  the  Aero  Propulsion  Laboratory,  the  Aero  Medical 
Laboratory,  and  the  Materials  Laboratory,  a  wood  mock-ap  cf  the  tunnel  geometry  was  fabri¬ 
cated.  This  mock-up  was  flown  In  the  KC-135  zero-G  aircraft  and  thoroughly  evaluated  rela¬ 
tive  to  human  factors  requirements  in  zero-G  transfer. 

The  tunnel  mock-up  was  attached  to  a  mock-up  o!  the  left  half  of  a  two- man  spacecraft 
with  entry  from  the  tunnel  i.uo  ihe  spacecraft  through  a  1?  by  30  Inch  elliptical  hatch  In  the 
malt,  entry  Latch  of  the  spacecraft.  Entry  from  the  ether  end  of  the  tunnel  into  a  simulated 
orbital  laboratory  was  through  a  22-lnch  diameter  circular  hatch.  Two  ropes  placed  21  inches 
apart  m*<  *  WM  iW  UA...  a  •>  •!*.  * C  .J  *'  wirCwt#  f  Latch. 


Human  factors  flight  evaluation  by  a  subject  wearing  a  full  pressure  suit  consisted  of  the 
following: 

(11  Three  unpressurized  suit  transfers  from  the  apacecrai*  to  the  laboratory. 

(2)  Two  unpreseurtzed  suit  transfers  from  the  laboratory  to  the  spacecraft,  one  of  which 
included  a  turnaround  at  the  laboratory. 

(3)  Six  pre*r  rued  suit  transfers  from  the  laboratory  to  th»  spacecraft,  one  of  which 
included  ft  turnaround  at  the  laboratory.  Another  included  the  carrying  of  a  speci¬ 
men  case,  and  the  last  included  the  transfer  of  a  "complotely  disabled'’  shirt- sleeved 
•ubiect. 

(4)  Four  pressurired  suit  transfers  from  the  spacecraft  ic  the  laboratory,  on*  of  which 
included  a  turnaround  at  the  labor  ate  7,  tad  another  Inch  led  a  turnaround  at  the 
spacecraft.  The  last  included  the  Carrying  erf  a  specimen  case. 


eu<t  r*  ’utred  m>  re  time  ard  were  rsv  r*  n,;^  .-v*  -,•  * «  r<  *  ■  *  -s  •'  : ‘ ^ ■  !  ‘ 

f'igur<  25  show  a  the  *ypical  nre  >?b  •{  trar-trf*’"  *  ;;r»-  -r.  r  •  •  '•  -•••'**  ' 

fers  r  V  summarized  as  fc>li<.w« 

(!)  Nc  problems  were  eivovntrred  in  pass  mg  thr»«ugh  the  rtUpfUai  hatch 

(2)  A  specific  technique  must  be  worked  out  for  transferring  packages  and  equipment 
through  the  hatches. 

(3)  The  two  handrails  were  enective  locomotion  aids  to  crew  transfer  and  .could  be  in¬ 
corporated  In  the  tunnel  design. 

(4)  The  tuanei  geometry,  represented  by  the  mock-up.  was  entirely  compa'tb'e  with 
eftecti'.e  crew  transfer.  There  should  be  28  i richer.  Cicar  height  over  he  circular 
hatch  and  38  inches  clear  height  over  the  elliptical  hatch.  The  final  tiunel  design 
should  have  no  sharp  protuberances  that  might  snag  the  umbilicals  or  the  space 
suit,  and  It  should  have  a  nonajrastvt  liner  to  avoid  space  suit  damage. 

Other  human  'actors  requirements  that  should  lie  included  In  the  tunnel  design  include 
the  use  of  nontoxic  materials  in  the  tunnel  construction  and  incorporation  of  interior  tunnel 
lighting.  Low-intensity  lighting  would  appear  to  be  adequate  but  should  tie  evaluated  in  actual 
transfer  experiments. 

3.  ’  .  ^ion  Considerations 

The  gtoeral  operational  and  environmental  considerations  that  controlled  the  design  were 
those  necessa'*y  to  satisfy  the  requirements  discussed  in  Section  HI.  A  modular  tunnel  design 
approach  should  be  followed  that  would  permit  prepackaging  of  the  tunnel  and  on-the-ground 
check-out  and  repair  prior  to  mounting  on  the  iaunch  vehicle.  The  packaged  tunnel  would  be 
relatively  easy  to  install  on  or  remove  from  the  iaunch  vehicle,  and  should  %  mission  abort  be 
necessary,  would  allcw  the  packaged  tunnel  and  canister  to  be  jettisoned  away  from  the  launch 
vehicle  as  a  unit.  In  addition  to  protecting  the  packaged  tunnel  from  the  elements  during  hold 
or  countdown  on  the  launch  p^d  the  flight  canister  should  incorporate  sufficient  insulation  to 
protect  the  packaged  tunnel  from  damage  due  to  aerodynamic  heating  during  the  boost  phase. 
The  packaging  volume  nhould  be  minimized  so  that  the  packaged  tunnel  and  canister  would 
Impose  a  minimum  effect  on  the  aerodynamics  of  ihe  launch  vehicle. 

For  structural  integrity,  the  . ...  <5<?  tunnel  should  bt  designed  to  withstand  its  design 
pressure  of  7.  5  osia  for  a  mist  ion  duration,  of  4*!  iavs  a?  orbital  altitudes  ranging  tr-tns  100  to 
300  nautical  miles  with  a  jjUty  factor  of  3.  To  withstand  conditions  encountered  in  the  orbital 
environment,  the  tonnri  materials  must  meet  the  follow re-.T»,trements: 

(1;  Provide  a  0.995  probability  o'  t'-n  meteoroid  pt  ivet. rations. 

(2)  Maintain  interior  surface  temperatures  In’ ween  50  and  |00‘JF. 

(31  suitable  for  operation*  in  Hand  vacuum  <  •  ifr  ■  torr. 

Hi  Absorb  10**  *■345  $  sprfc  radtaii*  v,  ahou-  •»eri**>&  degradation. 

The  design  assist  ineorporr' c  provision*  to  teUis»m  *T»e  tranjft  r  tunnel  from  t  e  Gbtnint- 
MSS  vehicle  idler  the  final  tramp**  from  the  t£S$  to  the  Ominl  capauio  prior  to  r-- -entry, 
preferafely  by  usiltzisf  the  same  system  provided  Ur  ejecting  the  packaged  nwvfo*-'  o'  ft* 
event  of  mission  abort. 


C.  DESIGN  DESCRIPTION 


1 .  General 

Basically,  the  design  incorporates  an  expandable  tunnel  configuration  simulating  the 
geometry  used  on  the  mock-up  for  human  factors  evaluation.  The  expandable  structure  bar  a 
rigid  floor,  which  in  turn  is  integrated  with  tne  packaging  canister.  In  essence,  the  tunnel 
floor  forms  the  lower  half  of  the  packaging  canister  and  is  connected  to  the  upper  half  of  the 
canister  by  separation  screws  that  are  cut  by  pyrotechnic  guillotines  for  canister  ejection. 

The  advantages  of  this  design  are  as  follows: 

(1)  The  tunnel  can  be  prepacked  prior  to  mounting  on  the  launch  vehicle. 

(2)  No  attachments  are  required  between  the  packaging  canister  and  the  launch  vehicle. 

(3)  Mounting  attachment  points  are  required  only  at  the  hatch  connections,  simplifying 
installation  and  removal. 

(4)  The  ejection  systems  are  simplified.  Requirements  for  launch  abort  and  mission 
termination  are  combined  into  a  single  system. 

Figures  26  through  30  show  the  op  tional  sequence  from  prelaunch  to  mission  termina¬ 
tion.  Figure  26  shows  the  prepackaged  tu.  el  module  attached  to  the  Gemini  capsule  and  MSS 
hatches.  Figure  27  shows  des*.,  provisions  'o  meet  abort  requirements  at  launch.  The  hatch 
attachment  rings  incorporate  a  DuPont  flexible  inear  shaped  charge  (FLSC)  to  burn  through 
the  ’■ings  for  separation.  In  tM  e' '  nt  of  abort  tne  canister  and  the  packaged  tunnel  will  be 
jettisoned  as  a  single  unit. 

Deploy 'Ten,  of  the  packaged  tunnel  in  orbit  is  shown  in  Figure  28.  The  guillotines  will 
be  activated  j  cu‘  the  separation  screws  used  to  attach  the  canister  cover  to  the  tunnel  floor, 
ejecting  th«  eanisler  cove  .■  and  initiating  tunnel  deployment.  The  elastic  recovery  character¬ 
istics  of  t\  iun>  el  ‘.could  then  deploy  the  structure  to  its  expanded  volume.  Figure  29  shows 
the  geometry  of  ihe  fully  exp  ended  tunnel.  At  mission  termination,  the  expanded  tunnel  will 
be  ejected,  permitting  separation  of  the  Gemini  capsule  from  the  MSS.  The  jettisoning  sys¬ 
tem  snown  in  'f  igure  30  will  be  the  same  as  that  used  for  launch  abort.  The  tunnel  design  is 
shown  in  Figure  2. 

2.  Composite  vv'all  St  ucture 

a.  General.  Tae  materials  approach  selected  to  best  meet  the  overall  requirements  of  ihe 
tunnel  design  is  a  material  composite  that  comprises  four  distinct  layers  bonded  together  into 
a  homogeneous  structure  and  painted  on  both  inner  and  outer  surfaces.  The  inner  layer  is  an 
unstressed  pressure  bladder  whose  only  function  is  to  maintain  pressure  tightness  and  to  trans¬ 
mit  pressure  loads  to  an  adjacent  structural  layer.  The  structural  layer  carries  structural 
loads  resulting  from  internal  pressure.  Bonded  to  ihe  structural  layer  is  a  flexible  foam  layer 
that  performs  a  dual  function.  It  acts  first  as  a  micrometeoroid  barrier  protecting  the  pres¬ 
sure  bladder  from  penetration.  Its  secondary  function  is  deployment  and  shaping  of  the  struc¬ 
ture  thicugh  the  use  of  stor  ’d  energy  inherent  in  the  foam  when  compressed  for  packaging. 

The  outer  cover  that  is  bond...'  to  the  foam  barrier  also  serves  a  dual  purpose.  It  is  used  as  a 
smooth  base  for  the  application  of  a  thermal  coating  and  also  encapsulates  the  total  composite 
for  evacuation  and  compression  prior  to  packaging  the  tunnel  in  the  canister.  Two  plastic 
pressure  relief  valves  are  incorporated  in  the  composite  wall  design  so  that  they  penetrate  the 
encapsulating  outer  cover  and  are  embedded  in  the  flexible  foam  layer.  These  valves  also 
serve  a  dual  purpose  In  providing  a  passageway  for  gas  from  thfc  foam  barrier  through  the 
outer  cover,  which  is  constructed  from  sealant  material.  One  purpose  is  to  provide  a  means 
of  evacuating  the  air  from  the  flexible  foam  for  packaging.  The  other  purpose  is  to  provide  an 
escape  route  for  gas  in  the  foam  layer  to  prevent  a  pressure  buildup  within  the  outer  cover  due 
to  environmental  pressure  reduction  during  launch  and  due  to  gas  permeating  the  pressure 
bladder  during  the  orbital  mission. 


ATTACHED  TO  GEMINI 
AND  TO  MSS  HATCHES 

Figure  26.  Launch  Configuration  of  Prepackaged  Tunnel 


COMPLETE  MODULE  JETTISONED; 


Figure  27.  Tunnel  Ejenth'n  at  Launch  Abo*t 
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CANISTER  COVE* 
EJECTED  IN  ORBIT 


Figure  28.  Canister  Ejection  and  Tunnel  Deployment 


EXPANDED 


Figure  29.  Deployed  Tunnel 


COMPLETE  TUNNEL  JETTISONED; 
SHAPED  CHARGE  TO  SEPARATE 
HATCH  ATTACHMENT  RINGS 


Figure  30.  Tunnel  Jettisoned  at  Mission  Termination 


The  composite  wall  is  discussed  more  thoroughly  in  Section  V.  The  wall  cross  section 
is  shown  in  Figure  82.  The  total  weight  of  the  composite  wall  is  0.898  psf. 

b.  Pressure  Bladder.  The  pressure  bladder  is  a  laminate  of  three  individual  sealant  layers. 
The  inner  layer  is  a  laminate  of  Capran  film  sandwiched  between  two  layers  of  lightweight  ny¬ 
lon  cloth.  This  layer  is  bonded  with  polyester  adhesive  to  a  second  layer  of  closed- cell  vinyl 
foam  1/16-inch  thick.  The  outer  sealant  is  a  close-weave  nylon  cloth  coated  with  a  polyester 
resin.  The  total  weight  of  the  bladder  composite  is  0. 126  psf  and  is  independent  of  design 
pressure. 

Tests  were  conducted  on  the  pressure  bladder  to  determine  permeability  rate,  possible 
toxicity,  and  environmental  effects  due  principally  to  vacuum.  Permeability  was  determined 
with  oxygen  as  a  test  gas  at  5  psia,  using  a  Dow  cell.  The  measured  rate  was  10~*  psf  per 
day.  Relating  this  rate  to  the  tunnel  design,  the  anticipated  gas  loss  is  approximately  0.02 
pound  per  day,  substantially  less  than  the  maximum  allowable  of  1  pound  per  day.  A  survey  of 
Untie  materials  known  to  be  used  in  the  construction  of  the  pressure  bladder  indicated  the 
possible  presence  of  toluene,  xylene,  methyl  ethyl  ketone,  methylene  chloride  solvents,  and 
toluene  diisocyanate.  Although  carbon  monoxide  was  not  known  to  be  contained,  tests  for  it 
were  also  included.  The  bladder  material  was  exposed  to  5  psia  of  oxygen  for  24  hours  prior 
to  a  chemical  analysis  and  check  for  toxic  gases.  Test  results  indicated  that  ail  the  above  con¬ 
taminants  were  below  the  threshold  limits  established  by  the  National  Bureau  of  Standards  for 
occupational  exposure. 

The  principal  environmental  effect  for  which  the  bladder  was  checked  was  a  hard  vacuum. 
This  check  was  made  first  to  ensure  that  dalamination  of  the  composite  bladder  would  not  oc¬ 
cur  and  secondly  to  determine  the  degree  of  off-gassing  to  be  expected.  The  bladder  construc¬ 
tion  technique  proved  successful  both  in  preventing  delamination  and  in  minimizing  off-gassing. 
Off-gassing  stabilized  in  about  96  hours  with  a  3. 3  percent  weight  loss. 

The  pressure  bladder  is  discussed  more  thoroughly  in  Section  V.  The  laminate  is  shown 
in  Figure  83. 

c.  Structural  Layer.  The  structural  layer  is  a  four-ply  laminate  of  Dacron  cloth  bonded 
together  with  polyester  resin,  then  cured  under  beat  and  pressure.  The  design  pressure  of 

7.  S  psia,  which  along  with  a  safety  factor  of  five  ana  ailersnee  for  creep  rupture,  requires  an 
original  load  capability  of  1300  pounds  per  inch.  This  load  must  be  carried  entirely  by  the 
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structural  layer.  The  basic  structural  concept  of  the  multi-ply  technique  is  that  joints  in  the 
individual  plies  are  staggered  in  such  a  way  as  to  offer  an  essentially  seamleas  construction. 
Cylinder  burst  tests  of  this  technique  Indicate  an  £1  percent  load  capability,  as  compared  to 
that  erf  the  parent  structural  cloth.  The  degradation  in  strength  is  attributed  to  the  "locked-in" 
crimp  of  the  bonded  polyester  joint.  A  similar  degradation  also  is  incurred  in  elastomer- 
coated  fabrics  and  is  attributed  to  the  same  effect.  Even  in  a  mechanically  sewn  joint,  seam 
efficiencies  beyond  85  percent  are  unlikely.  It  thus  appears  that  a  100  percent  structural  ef¬ 
ficiency  for  a  fabric  structure  is  not  attainable.  However,  because  the  structural  weight  of 
0. 210  psf  is  only  30  percont  of  the  total  composite  weight,  the  weight  penalty  Incurred  by  an 
81  percent  structural  efficiency  is  not  significant. 


Particular  emphasis  was  placed  on  the  design  and  development  of  a  structural  joint  be¬ 
tween  the  rigid  floor  of  the  tunnel  and  the  structural  layer.  The  technique  that  evolved  from 
this  Investigation  uses  an  epoxy  resin  rigid  bond.  The  locked-in  crimp  effect  was  again  feund 
in  this  joint  design,  resulting  in  an  efficiency  of  50  percent.  Attempts  to  improve  joint  effi¬ 
ciency  by  using  a  more  elastic  epoxy  bond  were  not  successful  and  only  resulted  in  shear  fail¬ 


ure  of  the  joint.  A  polyester  resin  bond  similar  to  that  used  in  the  multi-ply  wal 


tested,  but  was  wholly  inadequate  for  the  required  bond.  Consequently,  the  rigid  epoxy  bond 
technique  was  adopted  as  the  required  design  technique  and  resulted  In  an  eight-ply  bond  to  the 
struct: rai  floor  joined  to  the  four-ply  structural  layer  w.th  a  polyester  resin  bond.  Strip  ten¬ 
sile  tests  of  this  overall  joint  design  indicated  that  the  full  load  capability  could  be  carried  by 
both  the  joints  and  the  basic  four-ply  structural  layer. 


Structural  tests  have  been  conducted  to  investigate  environmental  effects  due  to  vacuum 
and  high  energy  radiation.  Strip  tensile  tests  on  Dacron  have  Indicated  negligible  effects  of 
hard  vacuum  on  the  structural  characteristics.  Similar  tests  on  fabrics  irradiated  with  10® 
rads  of  1. 3-raev  gamma  radiation  have  also  indicated  negligible  degradation.  Accordingly, 
there  is  no  reason  why  synthetic  fiber  structures  should  not  be  used  in  structural  space  ap¬ 
plications,  if  their  physical  characteristics  are  known  and  related  to  the  operational  environ¬ 
ment. 


The  structural  layer  and  the  structural  joint  between  the  structural  layer  and  the  rigid 
floor  of  the  tunnel  are  discussed  more  thoroughly  in  Section  V.  The  construction  Is  shown  in 
Figure  85. 


d.  Flexible  Foam  Layer.  The  uinnel  will  be  protected  from  micrometeoroid  penetration  by 
a  2-inch  layer  of  flexible  polyether  foam.  Flexible  foam  of  1. 2-pcf  density  has  been  selected 
as  a  suitable  barrier  material,  based  on  hypervelocity  particle  impact  tests  conducted  by  GAC 
and  on  tests  conducted  at  the  micrometeorite  testing  facility  at  Wright- Patterson  AFB.  Both 
series  of  tests  (the  latter  conducted  at  27, 000  fps  with  an  average  particle  mass  of  5  milli¬ 
grams)  indicate  that  a  2-inch  foam  barrier  of  1. 0-pcf  density  is  equivalent  in  barrier  effec¬ 
tiveness  to  single-sheet  aluminum  3/16- inch  thick  (2. 7  psf).  Figure  60  shows  the  Air  Force 
near-earth  micrometeoroid  environment  spectrum  in  terms  of  particle  mass  and  accumulative 
particle  flux.  When  the  previously  mentioned  test  results  are  correlated  with  single-sheet 
aluminum  penetration  theory,  the  critical  penetrating  flux  level  is  about  5.23  x  10-1  particles/ 
!t^- day.  Relating  the  critical  flux  with  the  exposed  surface  area  of  the  deployed  tunnel  (130 
square  feet)  and  the  mission  time  (60  days),  the  probability  of  zero  penetration  is  at  least 
0.085. 


While  the  primary  function  of  the  foam  will  be  as  a  micrometeoroid  barrier,  it  can  serve 
also  as  a  tunnel  deployment  aid.  During  packaging,  the  foam  layer  will  be  compressed  to  about 
10  percent  of  its  original  thickness  and  will  be  restrained  by  the  packaging  canister.  Upon  de¬ 
ployment  in  orbit,  the  canister  will  be  jettisoned,  and  the  elastic  recovery  characteristics  of 
the  foam  will  shape  the  tunnel  to  Us  folly  expanded  volume.  Figure  90  shows  the  recovery 
characteristics  of  the  foam  under  vacuum  conditions  and  for  varying  temperatures.  From 
Figure  90  it  can  be  seen  that  the  packaged  structure  must  be  Insulated  against  extreme  cold  if 
full  recovery  is  to  be  achieved. 


Environmental  effects  should  be  evaluated  to  establish  compatibility  with  the  environment. 
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Of  principal  concern  are  the  effects  of  vacuum,  temperature,  and  high  energy  radiation.  The 
effect  of  foam  recovery  in  a  vacuum  has  already  been  discussed.  Off-gassing  induced  by 
vacuum  was  negligible;  it  amounted  to  a  0. 5  percent  weight  loss  and  stablized  in  1. 5  hours. 
Expected  temperature  vvtreme s  should  cause  no  problem.  High  energy  radiation  is  not  ex¬ 
pected  to  prevent  any  »  e;  ,  oetause  the  foam  tolerance  is  about  an  order  of  magnitude 
higher  than  the  anticipated  dose  of  10®  rads. 

The  flexible  foam  ualcrometeoroid  barrier  is  discussed  more  thoroughly  in  Section  V. 

The  weight  of  2-inch  thick  foam  of  1. 2-pcf  density  is  0. 200  psf. 

e.  Outer  Cover.  The  outermost  layer  of  the  composite  wall  structure  encapsulates  the 
wall  and  provides  a  smooth  base  for  the  application  of  a  thermal  coating.  The  construction 
of  this  layer  is  shown  in  Figure  84.  It  is  a  film-cloth  laminate  weighing  C.01S  psf.  With  an 
estimated  thermal  coating  weight  of  0. 028  psf,  the  total  combined  lever  weight  is  0. 041  psf. 

Inasmuch  as  tne  c **U>r  cover  encapsulates  me  conip'Jsft*  wall,  it  serve:.  an  *w  in 
packaging  the  tunnel  prior  to  launch.  By  a  vacuum  technique,  the  wail  thickness  can  be  com¬ 
pressed  from  the  fully  expanded  2  inches  to  about  3/8  inch,  suitable  for  folding  and  subsequent 
packaging  in  the  canister.  Also,  a  certain  amount  of  air  will  still  be  trapped  in  the  composite 
wall,  even  after  evacuation.  This  air  can  br  used  as  a  thickness  recovery  aid,  augmenting  the 
elastic  recovery  characteristics  of  the  compressed  foam.  Thus,  full  recovery  of  the  wall 
thickness,  even  under  adverse  temperatures,  will  be  ensured. 

The  film  side  of  the  outer  cover  laminate  will  be  coated  with  vacuum -deposited  aluminum, 
which  is  part  of  the  thermal  control  coating.  Dependlr  g  upon  the  Gemini-  MSS  system  orbit 
and  the  tunnel  orientation  relative  to  the  sun  and  the  e^rth,  the  aluminized  film  will  be  partially 
covered  by  stripes  of  aluminized  silicone  white  paint  tnd  possibly  by  thin  layers  of  silicon 
monoxide  in  some  locations  to  maintain  comfortable  :  r ternal  tunnel  temperatures  and  to  main¬ 
tain  material  temperatures  within  acceptable  limits  taring  full  solar  flux.  r'  ,e  thermal  con¬ 
trol  system  is  discussed  more  thoroughly  in  Section  V. 

Environmental  effects  compatibility  requires  th*  consideration  of  combined  vacuum  and 
ultraviolet  radiation,  the  thermal  environment,  and  high  energy  radiation  from  Van  Allen  elec¬ 
trons.  The  portion  of  the  outer  cover  most  sensitive  to  the  orbital  environment  will  be  the 
thermal  coating.  The  combined  effect  of  vacuum  and  ultraviolet  radiation  will  cause  some  de¬ 
gradation  of  the  coating  The  solar  absorptance/emiUance  (a/t)  ratio  is  expected  to  increase 
by  not  more  than  10  percent  for  a  60-day  mission,  resulting  in  a  slight  Increase  in  materials 
temperature.  Off-gassing  due  to  vacuum  is  a  minute  effect,  causing  less  than  0. 5  percent 
weight  loss,  and  stabilizes  in  1.  5  hours.  Thermal  effects  relative  to  extremes  in  temperature 
are  expected  to  produce  no  problems.  Finally  the  thermal  coating  is  expected  to  absorb  10® 
rads  of  electron  radiation.  However,  the  tolerance  of  the  coating  to  high  energy  radiation  is 
on  the  order  of  IQ™  !  n  10®  rads. 

3.  Sandwich  Structure  Floor 

The  sandwich  structure  floor  consists  of  two  flat  metal  honeycomb  bonded  sandwich 
panels  that  are  mechanically  joined  to  form  a  160-degree  included  angle  between  the  panels, 
paralleling  the  longitudinal  contour  of  the  Gemini- MSS  vehicle.  There  is  a  circular  hole  In 
the  panel  over  the  M8S  hatch  and  an  elliptical  hole  in  the  panel  over  the  Gemini  hatch  to  allow 
ingreaa  and  egress  of  the  astronauts.  The  circular  hole  Is  30  inches  in  diameter,  and  the  ellip¬ 
tical  hole  has  major  and  minor  axes  of  29  and  17  Inches  respectively. 

The  Bondoltte’sandwich  panel  const  ruction  consists  of  7.9-pcf  density  aluminum  honey¬ 
comb  core  with  1/4-inch  ceils  having  0,004-inch  vxlls  of  3003  aluminum  bonded  to  0.063-tnch 
thick  7078- T8  aluminum  f  aces  with  Epon  934  epoxy  adheeive.  The  panels  are  edged  around  both 
the  periphery  and  the  hatch-access  cutouts  with  shaped  ahimirum  sections  to  provide  s 
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structure!  surface  for  installation  of  the  hatch  attachment  rings  and  to  yiO’.  Ida  a  smooth  con¬ 
tour  for  bonding  the  structural  layer  of  the  composite  wall  to  the  floor .  Doublers  are  installed 
inside  the  lower  faces  of  the  panels  to  provide  reinforcement  in  the  areas  where  the  channel 
section  canister  support  brackets  are  attached.  The  floor  panels  zte  fabricated  as  complete 
subassemblies  by  curing  the  adhesive  under  heat  and  pressure  to.  an  autoclave. 

After  the  panels  are  attached  together  with  aluminum  plates  on  both  the  upper  and  lower 
surfaces,  the  Interior  tunnel  surface  and  the  edges  are  sealed  with  a  film-cloth  laminate  tape 
bonded  over  the  cracks  and  a  foam-cloth  laminate  bonded  over  the  entire  interior  surface. 

The  tape  Is  made  from  the  same  film-cloth  laminate  as  the  inner  ply  of  the  pressure  bladder. 
The  foam-cloth  laminate  "rug”  is  constructed  fr  ih*-  ciosed-ceU  vinyl  foam  and  nylon  Cloth 
used  in  the  remainder  of  *hc  pressure  bladde;  construction. 

4.  Attachment  and  Separation  Systems 

sitr-hrl  tr  v®  '.chicle  at  the  hatch  areas  with  6061-T6  aluminum 

rings  containing  provisions  for  pyrotechnic  separation  systems,  'ine  rh«gt>,  •!!£+'.*.•!  it  the 
Gemini  hatch  and  circular  at  the  MSS  hatch,  are  attached  to  the  floor  structure  with  counter¬ 
sunk  bolts  and  Rivnuts.  with  the  floor- ring  joint  sealed  by  the  application  of  epoxy  resin  covered 
by  a  film-cloth  laminate  sealant  tape.  Tha  separation  rings  have  flanges  shaped  to  fit  the  con¬ 
tours  of  the  Gemini  capsule  and  the  laboratory.  Each  flange  contains  a  machined  groove  for 
Installation  of  an  O-ring  seal.  The  rings  are  attached  to  the  launch  vehicle  with  rows  of  Cam- 
loc  quick- disconnect  fasteners  through  the  flanges. 

Each  ring  contains  machined  circumferential  grooves  around  its  entire  periphery  in  the 
wall  area  between  the  flange  and  the  floor  attachments  for  installation  of  the  FLSC  pyrotechnic 
separation  devices.  The  FLSC  is  packed  into  the  machined  notches  with  epoxy  adhesive  and 
protected  by  backup  plates  of  aluminum  bolted  to  the  separation  rings.  The  FLSC  achieves 
separation  when  detonated  by  burning  through  the  ring  met  a!  to  to®  notched  thickness  area  and 
supplying  pressure  to  force  the  separated  portions  apart.  GAC  has  been  quite  successful  in 
the  utilization  of  the  FLSC  separation  and  jettison  technique. 

With  the  packaging  canister  attached  to  the  floor  structure  with  screws  through  the  10 
canister  support  brackets  on  the  floor,  and  not  to  the  launch  vehicle  directly,  the  tunnel  may 
be  separated  and  jettisoned  In  the  event  of  mission  abort  or  for  mission  termination  by  the 
same  FLSC  separation  system  incorporated  in  the  ring  designs. 

5.  Packaging  Canister 

The  packaging  canister  is  designed  to  retain  the  folded  tunnel  in  the  packaged  configura¬ 
tion  and  to  protect  the  tunnel  from  the  environmental  elements  on  the  launch  pad  and  during 
the  launch  phase.  Titanium  sandwich  construction  is  used  for  the  canistor  design. 

The  canister  is  constructed  in  two  parts.  The  lower  part,  an  open  frame  approximately 
12  feet  long,  has  a  width  of  about  4  feet  at  the  MSS  end  tapered  to  a  width  of  about  2-1/2  feet  at 
the  Gemln*  end.  The  depth  along  the  long  edges  is  about  S- 1/2  inches,  and  the  ends  are  shaped 
to  fit  the  contours  of  the  Gemini- MSS  vehicle.  The  frame  is  constructed  by  mechanically 
joining  the  titanium  sandwich  panels  at  the  edges.  The  interior  surface  of  the  frame  is  lined 
with  sheet  insulation.  The  lower  part  of  the  canister,  which  rests  against  the  launch  vehicle, 
is  bolted  to  the  canister  support  brackets  attached  to  the  tunnel  floor. 

The  upper  part  of  the  canislir  Is  a  long,  narrow,  open  box-like  structure  that  is  con¬ 
structed  by  joining  titanium  sandwich  panels  in  the  same  manner  ueed  for  the  lower  part.  The 
interior  surface  is  also  lined  with  sheet  insulation.  The  upper  part  oi  the  canister,  which  con¬ 
tains  the  packaged  tunnel,  rests  against  the  lower  part  and  is  attached  to  it  with  long  separation 
screw*  'hat  are  attached  to  angular  brackets  mounted  on  the  Interior  surfaces  of  both  canister 
parte  -  » 2  locations.  Each  of  the  separation  screws  passes  through  the  access  opening  of  a 
pyrotc  .c  guillotine  bolt  cutter  minted  on  the  angular  bracket  of  the  lower  part  of  the  canis¬ 
ter.  This  design  allow*  the  upper  part  of  the  canister  to  ba  separated  from  the  lower  part  for 


tunnel  deployment  by  detonating  the  guillotine*  which  cut  the  separation  screws  and  supply  a 
separating  force  for  Jettisoning  the  upper  part  of  the  canister. 

The  packaging  canister  design  provides  a  packaging  volume  of  about  20. 8  cubic  feet 
white  presenting  an  aerodynamic  drag  area  of  about  6  square  feet.  The  canister  weight 
given  In  Table  I  is  based  on  estimated  titanium  sandwich  weight  and  estimated  Insulation 
weight.  The  sandwich  material  required  for  structural  Integrity  depends  upon  the  aerodynamic 
loads  (hiring  launch.  The  insulation  required  to  protect  the  packaged  tunnel  from  thermal  dan- 
-ge  during  launch  depends  upon  the  aerodynamic  healing  involved.  A  launch  profile,  which 
was  not  available,  is  required  for  analyses  involving  these  parameters.  Lack  of  these  values 
does  not  detract  from  the  feasibility  of  the  preliminary  design. 

6.  interior  Lighting  and  Locomotion  Aids 

Types  and  design  locations  of  tunnel  interior  lighting  and  crew  locomotion  aide  were 
studied  by  the  human  factors  engineers  in  the  Life  Sciences  Research  Department  of  GAC.  The 
(■(•wilts  of  those  studies  in  conjunction  with  the  recommendations  of  the  Air  Force  as  a  result  of 
the  tunnel  moca-up  xcrh-C  Sight  tcrds  tncoroorated  in  the  tunnel  design. 

Locomotion  aids  consist  of  0. 75- inch  diameter  nylon  cords  extending  along  each  side  of 
the  floor  from  the  Gemini  hatch  opening  to  the  MSS  hatch  opening.  The  ends  of  the  band  ropes 
are  attached  to  the  rigid  floor  structure  with  clamps.  The  cords  are  held  4  Inches  above  the 
floor  by  flexible  foam  cubes  placed  intermittently  along  the  rope  length.  Flexible  foam  Is 
used  for  the  hand  rope  supports  so  that  they  may  be  easily  compressed  during  the  tunnel  pack¬ 
aging  operation. 

Sylvania  flexible  strip  lighting  was  selected  for  the  tunnel  interior  lighting.  Two  strips 
of  lighting  are  cemented  along  each  side  of  the  tunnel  wall  about  1. 5  inches  abc~*  *hs  floor  in 
the  nest  position  to  illuminate  the  hand  ropes.  A  6-foot  strip  extends  from  the  angular  con¬ 
tour  change  in  the  tunnel  floor  to  the  Gemini  hatch  opening,  and  a  2-foot  strip  extends  from  the 
contour  change  to  the  MSS  hatch  opening.  In  addition  to  the  strip  Ughtirg  Installation,  the 
tunnel  design  iccluJjs  an  Verier  mating  of  a  reflective  white  *aint  to  assist  in  illuminating 
the  tunnel  interior. 

7.  Weight  Estimate 

The  weight  estimate  rl/en  in  Table  I  is  based  on  the  tunnel  design  shown  In  Figure  2. 

As  rfvewn  in  Table  I,  the  total  weight  of  the  transfer  tuiuiei  (227  pounds)  and  the  packaging 
canister  (L8  pounds)  is  375  pounds.  This  weight  is  based  on  a  design  pressure  of  7. 5  psia. 

Foi  a  ’esi^m  pressure  oi  3. 5  psia,  uie  weight  reaction  would  be  small,  since  so  many  of  the 
items  inc tided  in  the  design  are  not  controlled  by  the  inflation  pressure.  The  eat 'mated  weight 
reduction  is  23. 5  pounds.  The  contributing  items  are  the  tiructural  layer  oi  the  expandable 
wnlJ ,  the  wall-floor  joint,  and  the  inflation  system.  It  is  possible  that  the  sandwich  floor  might 
oiler  some  weight  reduction,  depending  on  the  canister  aerodynamic  loads.  Based  r>n  inflation 
pressure  loads  alone,  the  floor  weight  reduction  is  about  21.  5  pounds.  This  Is  a  tolat  weight 
reduction  of  45  pounds,  which  would  reduce  the  total  weight  to  330  pounds. 

D.  PROTOTYPE  TUNNEL 

1 .  General 

The  expambble  Gemini  to  MSb  ir  xtui-r  crew  transfer  tunnel  design  was  translated  into 
a  detail  prototype  tunnel  design  that  tv  Id  be  fabricated  ard  subjected  to  preliminary  qualifica¬ 
tion  tests  In  order  to  substantiate  the  d  ign.  The  prototype  tunnel  design  is  shown  in  Figure 
3.  There  are  four  areas  lr  the  design  c'  he  prototype  tunnel  in  which  the  actual  tunnel  design 
Is  not  faithfully  re'rrdmocd.  These  c«.ai%~r*  were  made  la  the  interest*  of  simplification  and 
lime  savings,  an»  ry  affect  the  feas'h:ltty  of  the  design  or  the  results  of  the  orototype 

tunnel  tests. 


First,  the  design  of  the  hatch  attachment  separation  rings  was  simplified  by  omitting  the 
machined  notches  for  the  FLSC  separation  system  and  by  making  the  flanges  in  a  flat  plane 
rather  than  shaped  to  follow  the  contours  of  the  Ir’nch  vehicle.  Since  the  utilization  of  the 
FLSC  pyrotechnic  system  Is  a  well  proven  separation  technique  and  since  demonstration  of 
tunnel  separation  for  mission  termination  or  abort  was  not  »  preliminary  test  requirement, 
the  elimination  of  this  system  from  the  prototype  design  is  well  justified.  By  making  the  sep¬ 
aration  ring  flanges  flat  rather  than  contoured,  considerable  tooling  and  prototype  fabrication 
time  could  be  saved.  In  addition,  the  design  and  fabrication  of  the  steel  test  carrier  mock-up 
hatches  that  support  the  prototype  tunnel  were  greatly  simplified  by  the  use  of  flat  separation 
ring  flanges.  This  change  has  no  effect  on  tne  feasibility  of  the  tunnel  design  or  on  the  test 
results. 

Secondly,  a  substitute  Dacron  cloth  was  used  for  the  four-ply  structural  layer  of  the  pro¬ 
totype  tunnel.  This  substitution  was  necessary  because  the  required  cloth  was  unavailable  at 
the  time  it  was  required  for  this  program.  Although  .he  substitute  cloth  is  slightlv  heavier 
and  thicker  than  the  required  cloth,  it  has  a  lower  breaking  strength.  Since  the  structural 
layer  of  the  tunnel  wall  was  designed  to  have  a  factor  of  safety  of  5  with  degradation  due  to 
creco  rupture  effects  for  60  days  unuer  the  load  considered, the  use  of  a  substitute  cloth  with 
a  factor  of  safety  ot  *  tnJ.  .  ’  *  roM«tion«  is  considered  satisfar^rv  for  the  pro tofyy? 

tunnel. 

The  third  area  of  difference  between  the  tunnel  design  and  the  prototype  tunnel  Involves 
the  packaging  canister.  To  simplify  fabrication  of  tlm  prototype  yielding  canister,  the  deci¬ 
sion  was  made  to  use  lightweight  aluminum  sandwich  panels  rather  than  titanium  panels  of  a 
greater  thickness.  Since  no  thermal  testing  was  required,  the  insulation  was  r  ;  included  In 
the  prototype  canister  design. 

The  last  area  of  the  prototype  tunnel  deviation  from  faithful  reproduction  is  the  use  of  a 
substitute  outer  cover  and  thermal  coating  on  the  composite  wall  of  the  prototype  tunnel.  8inc<* 
no  thermal  testing  was  required  on  the  prototype  tunnel  and  since  the  requireo  materials  could 
not  be  obtained  for  use  on  the  prototype  tunnel,  the  decision  was  made  to  use  materials  that 
would  satisfy  the  nonthermal  retirement  of  th  witer  cover,  lie  nonthermal  requirement  it 
to  provide  a  r»*-ttght  barrier  for  encapsulating  the  flexible  foam.  In  order  to  provide  encap¬ 
sulating  material,  nylon  cloth  coated  with  titanium  dioxide  pigmented  Kypalon  paint  was  selected 
for  the  outer  cover.  This  paint  provides  a  rubberized  film  on  the  nylon  cloth  for  gas  tightness, 
and  the  nylon  cloth  provides  a  satisfactory  surface  for  bonding  the  flexible  foam  to  the  gas- 
tight  barrier. 

The  prototype  tunnel  design  final  assembly  is  shown  in  Figure  3t. 

2.  Prototype  Tunnel  Fabricate  n 

a.  General  The  first  step  in  the  fabrication  procedure  was  the  assembly  of  a  fabrication 
toot.  The  too!  used  was  a  rigid  polyurethane  foam  mandrel  machined  to  the  interior  contour 
of  the  expanded  tunnel  and  moulded  on  a  movable  steel  framework  fixture.  The  prototype 
tunnel  mandrel  mounted  on  the  fabrication  support  fixture  Sc  shown  fn  Figure  *7  The  com¬ 
pleted  sandwich  floor  structure  is  also  mounted  on  the  support  fixture  and  becomes  a  part  of 
the  fabrication  tool.  Th*  floor  mounted  on  the  fixture  ts  shown  !«»  Figure  8.  The  mandrel 
was  spraved  with  a  separating  agent  to  prevent  adhesion  of  the  pressure  bladder  to  the  mandrel. 

The  composite  wail  I'—'-ture  was  then  built  up  on  the  mandrel  in  layers  using  appropriate 
patterns.  When  the  pressure  o.  vtder  was  completed,  the  floor  was  lowered  against  the  man¬ 
drel  with  the  bladder  bonded  to  the  '  vor.  This  Is  shown  in  Figure  S3.  When  the  remainder 
of  the  composite  wall  was  complete*,.  ?  complete  structure  r«  removed  from  th*  fabrica¬ 
tion  support  fixture  ar*l  placed  upright  on  a  xxien  **aad  contoured  to  mates  the  tunnel  floor. 
While  in  this  position,  the  rigid  foam  mandrel  removed  from  the  tunnel  interior  by  chip¬ 
ping  it  out  in  wnki.  The  prototype  tunnel  with  the  "and  re  I  removed  ts  shown  In  F1|w'*e54 


Figure  21.  Prototype  Tunnel  Final  Aeeembly 


Figure  34.  Mandrel  Removed  from  Prototype  Tunnel 


Figure  35.  Completed  Prototype  Tunnel  Unprewurlzed 
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After  Interior  lighting  and  crew  locomotion  aids  were  evaluated  by  the  human  factors 
engineers,  their  locations  were  mashed  and  the  tunnel  was  painted  inside  and  outside.  The 
hand  ropes  and  lighting  strips  were  then  installed  on  the  tunnel  Interior,  and  the  canister 
support  brackets  were  installed  on  the  floor.  The  tunnel  was  then  complete.  The  cnmp’et-jd 
tunnel  Is  shown  in  Figure  35. 

The  canister  was  fabricated  by  riveting  together  a  Bertes  of  aluminum  honeycomb  sand¬ 
wich  panels  and  installing  the  appropriate  bracketry,  The  completed  canister  Is  shown  In 
Figure  15. 

At  various  stages  of  fabrication,  when  practicable,  the  fabricated  parts  were  weighed. 

The  weights  are  given  in  Table  IL 

b.  Sandwich  Floor  Structure.  Ti  e  prototype  floor  desig.  is  an  exact  reproduction  of  the 
modular  design.  The  floor  design  is  shown  in  Figure  36.  The  construction  was  described 
earlier  in  this  section.  The  design  of  the  hatch  attachment  separation  rings  and  the  canister 
support  brackets  that  are  attached  to  the  floor  structure  are  shown  in  Figure  37.  The  pro¬ 
totype  separation  rings  differ  from  the  acturi  tunnel  design  rings  in  that  the  flanges  are  flat 
and  there  is  no  prevision  for  the  FLSC  separation  system.  These  discrepancies  were  fils- 
cussed  earlier  in  this  section.  The  feasibility  of  the  tunnel  design  or  the  evaluation  of  test  re¬ 
sults  are  rot  affected  by  these  changes.  The  completed  floor  is  shown  in  Figure  38. 

c.  Composite  Wall  Fabrication.  The  triple-barrier  pressure  bladder  asd  the  flexible  fo*m 
ri ic ro meteoroid  barrier  used  in  the  fabrication  of  the  prototype  tunnel  are  identical  with  those 
of  the  actual  tunnel  design.  The  use  of  substitute  cloth  for  the  structural  layer  and  the  use  of 
substitute  cloth  and  thermal  coating  for  the  outer  cover  were  discussed  earlier  In  this  section. 
All  adhesive  systems  and  fabrication  techniques  applying  to  the  actual  design  were  stringently 
followed  In  the  construction  of  the  prototype  composite  wall  and  the  attachment  of  the  struc¬ 
tural  layer  to  the  floor.  The  prototype  tunnel  composite  wall  design  is  shown  ?r  Figure  39. 

(1)  Pressure  Bladder.  The  pressure  bladder  is  fabricated  from  subassemblies.  The 
inner  layer  is  a  subassembly  laminated  by  bonding  a  layer  of  Capran  film  between  two  layerr 
of  lightweight  nylon  cloth  with  polyester  adhesive.  The  middle  and  outer  l'yers  of  the  pres¬ 
sure  bladder,  the  closed  cell  vinyl  foam  layer  and  the  polyester  resin-coated  nylon  cloth  layer, 
are  laminated  into  a  subassembly  by  bonding  them  together  with  polyester  adhesive. 

To  prevent  wrinkles  in  the  pressure  bladder  when  the  patterns  were  placed  over  the  hem¬ 
ispherical  ends  of  the  mandrel,  the  patterns  were  heat  set  to  the  proper  curvature  by  clamping 
the  patterns  in  a  contouring  fixture  and  pulling  them  tight  against  the  fixture  contour  by  a  vac¬ 
uum  bagging  technique.  With  the  vacuum  maintained,  the  fixture  was  placed  In  a  curing  oven 
and  heated.  When  removed  from  the  fixture,  the  press*: re  bladder  patterns  retained  the  proper 
contour.  One  of  the  contouring  fixtures  is  shown  in  Figure  40. 

The  iilm- cloth  inner  laminate  was  placed  on  the  mandrel  first,  using  the  appropriate  de¬ 
sign  patterns.  Then  the  outer  foam-cloth  laminate  was  placed  on  the  mandrel,  using  the  proper 
patterns  to  prevent  any  pressure  bladder  seams  from  becoming  coincidental  with  the  seams  in 
the  adjacent  layer.  The  floor  with  its  foam-cloth  laminate  ’’rug"  tn  place  was  costed  with  poly¬ 
ester  adhesive  and  lowered  Into  place  against  the  mandrel  and  ti,.  lapped  pressure  bladder. 

The  entire  assembly  was  then  vacuum  bagged  and  cured  in  an  over.. 

(2)  Structural  Layer.  The  patterns  for  the  structural  cloth  layer  were  placed  on  the 
mandrel  over  the  pressure  bladder  with  each  of  the  four  plies  coaled  with  polyester  adhesive 
(or  interply  adhesion.  The  patterns  are  different  for  each  ply  so  that  no  two  plies  have  coin¬ 
cidental  seams.  As  a  result  of  this  fabrication  technique,  there  are  three  continuous  plies 
over  the  seam  In  the  remaining  ply,  which  offers  an  effectively  seamless  construction.  That 
is,  a  failure  in  a  seam  of  any  one  ply  would  u4  prove  catastrophic,  but  would  only  redoes  the 
strength  of  the  entire  structural  layer  by  25  percent. 


> 


Figure  38.  Prototype  Tunnel  Floor 


During  the  lamination  of  *he  structural  layer,  separator  strips  were  placed  between 
each  adjacent  ply  in  the  area  of  the  floor  joint.  When  all  four  plies  had  been  placed  on  the 
mandrel,  the  four  plies  of  reinforcing  strips  were  inserted  in  place  cf  the  separator  strips 
and  bonded  with  polyester  adhesive.  The  rigid  epoxy  bond  was  then  fabricated  to  attach  the 
composite  wall  structural  layer  to  the  rig^d  floor  structure  with  an  eight-ply  spiice.  The  en¬ 
tire  assembly  was  again  vacuum  bagged  and  oven  cured.  The  completed  prototype  tunnel  four- 
ply  Dacron  cloth  structural  layer  with  the  completed  wall-floor  epoxy  joint  is  shown  in  Figure 
41. 


(3)  Micrometeoroid  Barrier.  While  the  individual  plies  oi  the  pressure  bladder  and  the 
structural  cloth  layer  were  fabricated  on  the  mandrel  with  lap  seams,  the  2-inch  thick,  1.2-pcf 
density.  flexible  polyether  foam  micrometeoroid  barrier  was  placed  on  the  mandrel  in  patterns 
that  formed  butt  joints.  The  reason  for  thi*=  procedure  is  obvious.  Polyester  adhesive  was 
used  to  bond  the  foam  to  the  structural  layer.  The  completed  foam  layer  is  shown  in  Figure 
42 


(4)  Outer  Cover  and  Thermal  Coating.  As  previously  discussed  in  this  section,  a  nylon 
cloth  outer  cover  was  substituted  for  the  lilm-cloth  laminate  of  the  actual  tunnel  design.  The 
nylon  cloth  patterns  were  placed  over  the  foam  barrier  on  the  mandrel  with  lap  seams.  Again, 
polyester  adhesive  was  used  for  the  interlaminar  bond.  The  entire  assembly  was  then  vacuum 
bagged  and  oven  cured  for  the  final  time.  The  complete  outer  cover  is  shown  in  Figure  43. 

The  tunnel  with  the  enclosed  mandrel  was  removed  from  the  fabrication  support  fixture, 
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and  the  rigid  foam  mandrel  was  chipped  from  the  tunnel  interior.  The  Topolic  tapes  were  in¬ 
stalled  on  the  bladder  seams,  and  the  film-cloth  tapes  were  installed  at  the  pressure  bladder 
to  floor  joints.  After  the  interior  lighting  and  hand  rope  standoff  locations  were  masked,  both 
the  Interior  and  exterior  surfaces  of  the  tunnel  were  painted  with  titanium  dioxide  pigmented 
Hypalon  pair.t.  The  use  of  this  substitute  thermal  coating  was  discussed  earlier  in  this  sec¬ 
tion.  The  completed  tunnel  is  shown  in  Figure  35. 

d.  Packaging  Canister  and  Separation  System.  The  prototype  packaging  canister  design  is 
shown  in  Figure  44.  It  was  fabricated  by  riveting  lightweight  aluminum  honeycomb  sandwich 
panels  together  at  the  edges.  For  simplification  in  fabrication,  a  flat  leading  edge  surface 
was  used  rather  than  the  curved  aerodynamic  surface  required  for  a  flight  hardware  canister. 
The  deviation  from  required  materials  was  discussed  earlier  in  this  section.  There  was  no 
deviation  In  the  Installation  of  the  canister  separation  system  for  deployment,  however.  All 
brackets  with  separation  screws  and  pyrotechnic  guillotines  were  properly  Installed. 

The  lightweight  prototype  canister  proved  to  be  too  flexible  for  proper  handling,  so  the 
reinforcing  panels  and  stiffeners  shown  in  Figure  44  were  added  to  the  fabricated  canister  and 
incorporated  in  the  design  as  revision  A, 

e.  Locomotion  Aids  and  Interior  Lighting.  The  crew  locomotion  aids  and  tunnel  interior 
lighting  specified  for  the  tunnel  design  were  installed  in  the  prototype  tunnel.  They  were 
initially  installed  with  double-backed  tape  in  several  locations  while  being  evaluated  by  the 
human  factors  engineers.  When  final  locations  had  been  determined,  the  Sylvanla  flexible 
strip  lighting  was  cemented  in  place  along  each  side  of  the  tunnel  wall.  The  hand  rope  stand¬ 
offs  were  cemented  to  the  floor,  and  the  ccrds  with  their  end  clamps  were  Installed. 

3.  Weight  Statement 

The  weight  statement  given  in  Table  II  is  the  actual  weight  of  the  prototype  tunnel  and  Its 
components. 


Table  n.  Weight  Statement 


Transfer  Tunnel .  212  lb 

Expandable  Wall . . . 101. 8  lb 

Sand  wich  Floor  . 88. 2 

Hatch  Attachment-Separation  Rings  ....  13.8 

Lighting  and  Locomotion  Aids  .  . .  8.4 


Packaging  Canister .  102  lb 

Sandwich  Cover . 81.1  lb 

Pyrotechnic  Separation  System . 20.  9 


Total  Weight 


314  lb 


The  expandable  wall  weight  includes  the  wall-floor  attachment  weight.  Based  on  sample 
weights,  the  expandable  wall  alone  should  weigh  85  pounds,  which  would  leave  18.8  pounds  for 
the  wall- floor  attachment  weight.  The  estimate  for  this  attachment  weight  is  16. 1  pounds. 

4.  Tunnel  Mounting  Adapters 

Previsions  are  necessary  for  supoorting  the  tunnel  hatch  attachment  rings  during  ship¬ 
ping  and  during  the  rera-C  flights.  Accordingly,  adapters  were  designed  and  fabricated  to 
attach  to  the  tunnel  rings  and  provide  u  separate  row  of  mounting  holes  for  attachment  to  a 
shipping  crate  or  to  some  support  in  the  KC-135  aircraft.  The  sdapter  designs  are  shosn  in 
Figure  45. 
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Figure  44.  Prototype  Tunnel  Packaging  Canlater  (Sheet  2  of  2) 


Figure  45.  Tunnel  Mounting  Adapters 


SECTION  V 
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SUPPORTING  ANALYSES 


A.  GENERAL 

The  following  Analyses  were  performed  to  support  the  tunne  design: 

(1)  Thermal  Analysis 

(2)  Structural  Analysis 

{$)  Environmental  Hazards 

(4)  Materials  Selection 

The  subsection  on  materials  selection  is  a  documentation  of  GAC-fu-ded  development  programs 
specifically  applicable  to  the  tunnel  design  as  well  as  a  documentation  of  the  materials  qualifi¬ 
cation  program  conducted  specifically  for  the  tunnel  design. 

B.  THERMAL  ANALYSIS 
1 .  Introduction 

The  expandable  ere..  transfer  tunnel  will  achieve  a  thermal  balance  dependent  upon,  but 
not  completely  established  by,  the  Gemini- MSS  vehicle  thermal  design,  and  the  vehicle  ther¬ 
mal  design  may  be  slightly  influenced  by  the  presence  of  the  tunnel.  The  primary  objective  of 
the  tunnel  thermal  design,  preferably  passive,  it,  to  maintain  the  interior  at  comfortable  tem¬ 
peratures  for  astronaut  transfer  i75  (+25', °F)  while  limiting  the  external  surface  hot-spot  and 
cold-spot  temperatures  to  values  within  material  capabilities  l-!00  to  225°F). 

Thermal  design  optimization  of  the  packaging  canister  and  the  funnel  itself  will  depend 
upon  Gemini-  MSS  system  parameters  that  have  not  yet  beer,  specified,  and  is  considered  be¬ 
yond  the  of  this  study.  The  study  wul  consider  and  define  the  effects  on  tunnel  tempera* 

teres  of  the  following  parameters: 

(1)  Thermal  coatings  on  the  external  surface  of  the  tunnel. 

(2)  Thermal  coatings  on  the  internal  surface  of  the  runnel. 

(3)  Thermal  coatings  on  the  Gemini-  MSS  surfaces  adjacent  to  the  tunnel. 

(4)  Tunnel  orientation  In  relation  tc  the  earth  and  sun. 

(51  Oribiul  inclination  with  respect  to  the  ecliptic  equator. 

(85  Depressurization  of  the  polyether  foam  due  to  mlcrometeoroid  penetration  of  the 
outer  cover. 

The  thermal  problems  smd  considerations  of  .he  tunnel  will  be  defined  along  with  the  neces¬ 
sary  corrective  action.  An  IBM  .  ;!0  electronic  eoaqjuter  has  been  utilized  throughout  this 
analysis;  the  resultant  programs  are  identified  st  GAC  program  2-051 S, 


2.  Proposed  Thermal  Systems 

The  only  major  difficulty  involved  in  the  thermal  design  is  passively  maintaining  the 
required  internal  temperature  of  75  (±25)° F.  A  reasonably  good  match  with  this  requirement 
may  be  made  for  any  orbit  with  most  tunnel  orientations  if  the  orbit  and  orientation  are  speci¬ 
fied  before  the  thermal  coatings  are  selected.  Allowance  oust  be  made  for  degradation  of  the 
thermal  coatings;  tolerances  and  degradation  of  the  — n  Un>ru<«l  pa.a 

meters  as  well  as  computational  accuracy;  and  other  system  variables  that  affect  the  50«F 
temperature  tolerance. 

As  an  illustration  of  the  results  of  this  analysis,  three  possible  tunnel  thermal  designs, 
summarized  in  Table  HI,  are  presented  in  the  following  paragraphs.  Common  features  are 
addition  of  thermal  Insulation  to  the  floor  and  application  of  a  low  solar  absorptsnce/emittance 
(a/c)  ratio  white  paint  to  the  tunnel  interior. 

fl)  For  a  day-night  orbit  passing  through  the  earth-sun  line  with  unknown  tunnel  orien¬ 
tation,  the  tunnel  would  be  uniiormly  covered  with  stripes  of  aluminized  silicone 
white  paint  on  an  aluminized  film  substrate.  The  average  ratio  of  a/e  would  be  ap¬ 
proximately  2;  to  prevent  excessive  hot-spot  temperatures  on  the  outer  surface, 
copper  drop  threads  would  be  woven  through  the  polyether  foam  to  obtain  a  conduc¬ 
tivity  of  0.  5  Btu-in.  /hr-ft2-°F.  Neglecting  material,  system,  ami  computation  un¬ 
certainties,  the  Internal  temperature  would  be  60  {*50)°F. 

(2)  For  a  day-night  orbit  with  an  optimum  tunnel  orientation,  a  horizontal  tunnel  orien¬ 
tation  may  be  specified.  The  above  thermal  coatings  would  be  utilized  with  the 
quantity  of  painted  stripes  varied  locally  to  alleviate  hot  spots  and  eliminate  the  re¬ 
quirement  for  drop  threads.  Again  neglecting  material,  system,  and  computation 
uncertainties,  the  internal  temperature  would  be  75  (±20)°F. 

(3)  For  a  twilight  orbit  over  the  dawn-dusk  areas  of  the  earth  with  an  optimum  tunnel 
orientation,  a  tunnd  orientation  away  from  .  ie  earth  may  be  selected.  Thermal 
coatings  would  be  a.  aluminized  film  substrate  with  thin  layers  of  silicon  monoxide 
applied  in  some  locations  and  stripes  of  aluminized  silicone  white  paint  applied  un¬ 
evenly  over  the  entire  surface.  No  drop  threads  would  be  required,  and  again  neg¬ 
lecting  material,  system,  and  computation  uncertainties,  the  internal  temperatures 
would  be  75  (*20'!°F, 


Table  HI  Proposed  Thermal  Systems 


Type  of 
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'  i 
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Orientation 
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Copper 
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Temperature 

(°F! 
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I  Yes 
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•  .  b 

1  No 

75  U20' 
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i 

Optimum 

1  .  J 

•  be 

No 

L  - 

75  ft 20) 

•  Aluminized  fpm  substrate. 

•  Aluminized  silicone  white  paint. 

•  Siilcor.  monoxide  on  aluminized  film  substrate. 

-  Tolerances  include  thermal  transients  and  variation  in  thermal  parameters  only. 
Externa;  surface  temperatures  ire  -100  to  225 °F 


3.  Technical  Discussion 


a.  Effect  of  Thermal  Coating  on  Temperature.  One  of  the  many  parameters  that  will  af¬ 
fect  expandable  crew  transfer  tunnel  temperatures  is  the  orbit.  A  165-nile  altitude  circular 
orbit  (90- minute  orbital  period)  is  presume  i  as  a  typical  condition.  The  position  of  the  orbital 
plane  with  respect  to  the  earth-sun  line  is  much  more  critical  and  depends  not  only  upon  the 
orbital  inclination  to  the  equator  but  also  upon  the  time  of  day  and  date  of  launch.  Two  extreme 
orbits  are  a  day-night  orbit  passing  through  the  earth- sun  line  and  a  twilight  orbit  over  the 
dawn-dusk  areas  of  the  earth;  temperatures  in  any  orbit  will  generally  fall  within  the  limits 
set  by  these  two  orbits.  The  day-night  orbit  is  possible  with  equatorial  or  polar  orbits;  the 
twilight  orbit  is  possible  only  with  a  p^iar  orbit.  The  former  is  considered  the  more  likely. 

The  tunnel  may  be  roughly  approximated  as  a  cylinder  with  spherical  ends.  Several 
conclusions  may  be  attained  by  computing  the  temperature  of  an  Isothermal  longitudinally 
oriented  cylinder  and  sphere  in  orbit.  Taking  the  albedo  of  the  earth  as  0.  3®,  the  energy  bal¬ 
ance  on  a  sphere  in  a  twilight  orbit  is 

0.20  C  a  ♦  0. 16  £  Fs_Ee  --  euT4  (1) 

where  the  first  term  is  solar  heating,  the  _--»cnnd  is  earth  radiation  heating,  and  the  third  is 
reradiatlon.  Equation  t  r -duces  to 

a T4  =  25.48  .  110.60  a/t.  (2) 

The  average  temperature  of  a  sphere  in  a  day-night  oroit  is 
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since  the  sphere  enters  the  umbia  a:  J  -  105  degrees.  Tne  added  term  is  albedo  heating. 
Equation  3  reduces  to 

oT*  =  25.48  *  82.  77  a  i.  t. 

For  a  cylinder  ir.  .<  twilight  orbit. 

Car*  0.  16  C  <  1  * ■■  T4  (5? 

or 

at4  *  27.09  t  140.82  a  t.  (3's 

For  a  cylinder  in  a  day  -  night  orb**. 
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Figure  46.  Sphere  -*nd  Cylinder  Isothermal  Temperatures  in  Near-Earth  Orbit 


The  temperatures  are  seen  to  be  a  function  of  the  ratio  a/t,  which  is  established  by  the 
thermal  control  coating.  A  plot  of  equations  2,  4,  6,  and  8  is  presented  In  Figure  46.  The 
cylinder  temperatures  are  more  extreme  than  the  sphere  temperatures,  so  that  a  somewhat 
conservative  anlysis  of  the  tunnel  may  be  obtained  by  neglecting  the  spherical  ends.  For  com¬ 
fortable  temperatures,  an  a/t  ratio  between  1  and  3  appears  desirable  tor  a  day-night  orbit. 
These  a/t  ratios  may  be  easily  attained  by  a  surface  of  an  aluminized  film  substrate  (a  *  0. 15, 
i  -  0.  C5,  a/t  •*  3)  covered  In  part  with  an  aluminized  silicone  white  paint  (a  ■  «  *  0. 25, 
a/t  =  1).  Spaclngs  between  the  paint  stripes  or  ptuiems  would  permit  average  ration  any*- 
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where  between  1  and  3.  An  afe  ratio  of  !  or  slightly  less  appears  desirable  for  a  twilight  orbit. 
i  hese  ratios  may  be  obtained  by  applying  the  above  white  paint  to  a  surface  of  silicon  monoxide 
on  an  aluminized  film  substrate  (o  -0.15,««  0.5,  a/t  =  0.3). 

Temperature  differentials  across  Uie  tunnel  interior  will  exist  due  to  uneven  heating  of 
the  external  surfaces.  In  order  to  minimise  these  differentials,  the  Internal  heat  transfer 
should  be  maximized.  In  the  absence  of  forced  convection,  the  primary  mode  of  heat  transfer 
will  be  thermal  radiation.  A  thermal  coating  on  the  interior  surface  with  a  high  emittance  is 
therefore  desired,  but  the  solar  absorptance  should  be  low  (white  surface)  to  improve  lighting. 

A  number  of  white  paints  having  a  low  a/e  ratio  are  available,  including  the  zinc  oxide  pig¬ 
mented  paint  developed  by  GAC  for  the  lunar  shelter  project.  Stability  should  not  be  a  problem, 
since  the  internal  surface  is  not  exposed  to  ultraviolet  radiation  or  vacuum. 

b.  Hot-  and  Cold-Spot  Temperatures.  The  tunnel  configuration  used  for  this  study  was  pre¬ 
liminary  in  nature  and  is  not  reflected  in  the  final  design  drawings.  Thermal  construction  and 
properties  of  the  tunnel  walls  are  presumed  as  follows  from  the  exterior  surface  to  the  inte¬ 
rior  surface: 

(1)  Outer  cover  consisting  of  a  thermal  control  coating,  nylon  cloth,  a  layer  of  polyester 
adhesive,  Capran  film,  adhesive,  nylon  cloth  laminate,  and  adhesive.  This  compo¬ 
site  has  a  mass  of  0. 095  psf ,  a  thickness  of  0. 017  inch,  specific  heat  of  0. 25  Btu/lb- 
°F,  and  a  conductivity  of  K4  Btu-in. /hr-ft2-°F. 

(2)  Two  inches  of  polyether  foam.  This  foam  has  a  mass  of  0.200  psf,  specific  heat  of 
0. 23  Btu/lb-°F,  and  a  conductivity  of  0. 25  Btu-in.  /hr-ft2-°F.  When  the  outer  cover 
is  pierced  by  micrometeorites,  the  entrapped  gas  will  escape  from  the  foam,  reduc¬ 
ing  the  conductivity  to  approximately  0.04  Btu-in. /hr-ft2-°F. 

(3)  Structural  layer  consisting  of  a  layer  of  adhesive,  four  layers  of  Dacron  cloth  and 
one  of  nylon  Joined  by  adhesive,  and  an  inner  layer  of  adhesive.  This  composite  has 
a  mass  of  0.353  psf,  a  thickness  of  0.062  inch,  specific  heat  of  0.25  Btu/lb-°F, 
and  a  conductivity  of  1.4  Btu-in. /hr-ft2-°F. 

(4)  PVC  foam  0. 070  inch  thick.  This  foam  has  a  mass  of  0. 058  psf,  specific  heat  of 
0. 23  Btu/lb-°F,  and  a  conductivity  of  0. 25  Btu-in.  /hr-ft2-°F. 

(5)  An  inner  laminate  that  resembles  the  outer  cover  in  reverse  order  of  construction. 

The  inner  radius  of  the  tunnel  varies  from  20. 8  inches  at  the  MSS  end  to  21. 4  inches  at 
the  Gemini  end:  the  former  is  used  throughout  this  analysis.  Conduction  takes  place  through 
the  tunnel  wall  and  around  the  tunnel  wall,  but  due  to  the  relatively  large  radius  of  curvature, 
the  latter  effect  is  negligible. 

Since  the  polyether  foam  has  a  temperature  limit  of  approximately  225°F,  a  discussion 
of  hot-spot  temperatures  on  the  external  surface  appears  in  order.  In  the  day-night  orbit, 
transient  or  variable  heating  occurs  on  the  external  surface.  This  heat  is  transferred  through 
the  tunnel  wall  by  conduction  and  stored  in  the  thermal  mass  of  the  wall,  thereby  changing  its 
temperature.  A  thermal  model  of  a  slab  of  the  wall  was  constructed  by  considering  it  as  five 
nodes,  located  in  order  as  (1)  the  internal  surface,  (2)  center  of  the  structural  layer,  (3)  1.  5 
inches  from  the  external  surface  of  the  polyether  foam,  (4)  0.6  inch  from  the  external  surface 
of  the  polyether  foam,  and  (5)  the  external  surface.  Node  boundaries  occur  midway  through 
the  PVC  foam,  0.05  and  0.95  inch  from  the  inner  surface  of  the  jxriyether  foam,  and  0. 15 
inch  from  the  external  surface  of  the  polyether  foam.  For  the  wall  slab  away  from  the  earth 
on  which  the  hot-spot  temperature  occurs,  the  differential  energy  equations  on  the  five  nodes 
are  as  follows: 
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U0-I  *T0  -  Tl>  +  ^1-2  (To  -  T,)  =  (WC)j  dTj/d0 

Ui_2  (Tj  -  T2)  ♦  U2.3  (T3  -  T2)  -  (WC)2  dT2/d 6 

U2-3  (T2  -  Tj)  +  Uj_4  (T4  -  T3)  -  (WC)3  dT3/d0 

uS-4  't3  -  t4)  +  U4-5  (T5  -  T4)  =  {WO4  dT4/d$ 

U4-5  (T4  -  T5)  +  C'  Aor  -  €A<tT54  =  (WC)5  dTg/d# 


(9) 


where 

C'  -  C  cos  p  when  0  <  cos  (ill, 

C  =  0  when  -1  %  cos  J  s  0. 

With  Uq-  1  based  on  a  value  of  U  which  includes  an  internal  surface  coefficient  of  1 
Biu/hr-ft2-°F,  these  equations  (Equation  9)  are  solved  numerically  using  the  backward  differ¬ 
ence  method  for  the  transient  equilibrium  conditions.  Figure  47  presents  the  results  of  this 
study.  The  temperatures  plotted  are  the  maximum  surface  (node  5)  temperatures.  A  hot-spot 
temperature  problem  is  observed  to  exist  which  could  be  alleviated  by  increasing  the  thermal 
conductivity  of  the  polyether  foam,  possibly  by  use  of  copper  drop  threads.  A  similar  study 
has  been  accomplishedjfor  a  twilight  orbit  by  setting  all  derivatives  in  Equation  9  equal  to  aero 
and  taking  C'  equal  to  C.  These  results  are  presented  in  Figure  48. 

Hot-spot  temperatures  may  generally  be  alleviated  by  two  methods  other  than  Increased 
thermal  conductivity  for  a  fixed  a/e  ratio.  One  method  would  be  to  deciease  the  values  of  a 
and  f  without  changing  the  ratio,  which  dampens  the  day-night  temperature  cycle  and  increases 
the  effect  of  conduction.  The  white  paint  and  aluminized  film  previously  presumed  present  the 
practical  limit  for  this  method.  A  second  method,  applicable  only  to  ihe  day-night  orbit, 
would  be  to  increase  the  external  surface  mass  of  the  wall  to  dampen  the  day-night  tempera¬ 
ture  cycle.  This  method  is  also  evaluated  using  Emiation  9  and  Is  presented  in  Figure  49  with 
a  polyether  foam  conductivity  of  0. 04  Btu-in.  /hr-ft2-°F.  Lowering  the  a/ e  ratio  will  of 
course  decrease  the  hot-spot  temperature  but  reduces  the  internal  temperature  below  desired 
level  8. 


Cold-spot  temperatures  are  most  severe  in  a  twilight  orbit  tor  «  portion  of  the  tunnel 
receiving  no  external  heating.  Such  a  study  is  obtained  by  setting  all  derivatives  in  Equation  9 
equal  to  zero  and  taking  C*  equal  to  zero.  Results  are  presented  in  Figure  50.  Since  the  foam 
can  withstand  temperatures  of  approximately  -300°F  with  an  expected  minimum  greater  than 
-200°F,  no  low  temperature  problem  will  be  encountered. 


c.  Incalate<l  Cylinder  Internal  Temperatures.  Since  the  conductivity  of  the  polycthcr  foam 
has  ?.  signi/icant  effect  on  external  surface  temperatures,  it  is  Informative  to  determine  the 
effect  of  conductivity  on  internal  temperatures.  A  complete  cylinder  is  presumed  with  the 
wall  structure  previously  described  and  with  an  inner  radius  of  20.  8  inches.  A  steady-state 
analysis  is  performed  by  considering  the  external  surface  as  eight  nodes,  each  of  which  covers 
45  degrees  of  arc.  A  ninth  node  represents  the  interior  of  the  tunnel  as  shown  in  Figure  51. 
The  energy  equation  on  each  node  is 


(Cj  *  Qj)  a  +  Ej«  -  U  (To  -  Tj)  where  J  5  i« 

8 


0.  125 


z 


i  *  i 


(10) 


wuere  U 


includes  an  internal  surface  coefficient  of  i  Btu/hr-ft2-°F. 
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F:fr.>  47.  Effect  of  Foam  Conductivity 
on  Hot-Spot  Temperatures  in 
Day-Night  Orbit 


5Glar  ABSORPTANCt  EMITTANCE 


Figure  48.  Effect  of  Foam  Conductivity 
on  Hot-Spot  Temperatures  in 
Twilight  Orbit 
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Figure  43.  Effect  of  surface  Mass  on 
Hot-Spot  Temperatures 
In  Day- Night  Orbit 
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Figure  50.  Effect  of  Foam  Conductivity 
on  Ccld-Spot  Temperatures  in 
Twilight  Orbit 
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Figure  51.  Effect  of  Foam 
Conductivity  on  Internal 
Temperature  of  an  Un¬ 
shielded  Cylinder 
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71.  r  BETWEEN  CENTERS 


Figure  52,  Thermal  Schematic  of  Crew  Transfer  Tunnel 


Radiation  view  factors  of  the  earth  are  obtained  by  numerical  integration  around  the  node, 
utilizing  Reference  1.  Figure  51  presents  the  results  of  this  study,  h  may  be  seen  that  an 
increase  in  the  conductivity  of  the  polyether  foam  raises  the  internal  temperature,  particularly 
for  a  twilight  orbit.  This  effect  is  due  to  radiation  interchange  being  proportional  to  the  fourth 
power  of  temperature,  while  conduction  is  directiy  proportional  to  the  temperature.  When  the 
conductivity  approaches  infinity,  the  isothermal  case  of  Figure  46  is  attained.  The  day-night 
temperature  cycle  for  the  day-  night  orbit  may  slightly  reduce  the  internal  temperatures  for 
the  same  reason;  ‘his  effect  is  not  shown  in  Figure  Si. 

d.  Tunnel  Internal  Temperatures.  A  thci .T.a!  model  of  the  crew  Uanafcr  tunnel  is  shown 
in  Figure  52.  This  schematic  represents  the  MSS  end  of  the  tunnel  wi*1'  the  junction  of  the 
honeycomb  floor  and  walls  geometrically  simplified.  For  simplicity  and  a  slightly  conservative 
analysis,  the  model  is  presumed  to  be  infinite  in  length  perpendicular  to  the  plane  of  the  figure. 
The  tunnel  model  is  divided  into  34  nodes  as  shown;  the  adjacent  vehicle  is  represented  as  10 
nodes,  For  the  Gemini  end  of  the  tunnel,  the  tunnel  more  closely  approaches  a  complete  cy¬ 
linder  with  less  shielding  from  the  vehicle  and  may  be  presumed  to  lie  between  ihe  models 
shown  in  Figures  51  and  52, 

As  may  be  deduced  trom  the  model,  the  uninsulated  honeycomb  floor  provides  the  pri¬ 
mary  means  of  heat  transfer  to  or  from  the  tunnel  interior  and  strongly  affects  internal  tem¬ 
peratures.  The  floor  temperature  is  greatly  influenced  by  the  vehicle  thermal  parameters 
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Table  IV,  Thermal  Parameters  for  Model 


tmam 


SURFACE  AREAS  AND  THERMAL  MASSES8 


Nodes 

- - - - - - - ~ — - - 

Thermal  Masses 
(Btu/°F} 

Areas 

m 

1,  8,  11,  16,  21 

0.04144 

1.36136 

2,  7,  12,  17,  22 

0. 13151 

3,  8,  13,  18,  23 

0. 02906 

4,  9,  14,  19,  24 

0.03028 

5,  10,  15,  20.  25 

0,04085 

1,50312 

28,  30 

0.2731 

0.29507  (Int) 

0. 46892  (Ext) 

27,  29 

0.2195 

0,91667 

28,  32 

0.2156 

0.91667 

31,  33 

0.2365 

0.91667 

34,  35,  4.4.  43 

As  specified 

1.30899 

38.  37,  38,  39,  40.  41 

As  specified 
i - — - 

0. 87266 

THERMAL  CONDUCTANCE'® 


Nodes 

Conductance 

(Btu/hr-°F) 

Nodes 

Conductance 

(Btu/hr-°F) 

1-2,  6-7,  11-12, 
16-17.  21-22 

4.336 

25-27,  26-31, 

30-29,  3^-33 

0,0072 

2-3,  7-8,  12-13. 
17-18,  22-23 

^  0.1108  (K  »  0. 04 V* 
0.6860  (K  =  0. 25) 
2.6556  (K  =  1) 

27-28,  28-29. 

31-32.  32-33 

0, 5536 

27-31,  28-32,  29-33 

7.3 

3-4,  8-9,  13-14. 
18-19,  23-24 

0.0636S  (K  =  0.04) 
0.3981  (R  -  0. 25) 
1.5923  (K  =  1) 

34-35,  85-36,  30-37, 
37-33,  38-39,  39-40, 
40-41,  41  42,  42-43 

i 

As  specified 

4-5,  9-10,  H-15, 
19-20,  24-25 

0.1312  (K*  0.041 
0.8153  (K  = 0. 25) 

3. 1978  (K  =  1) 

°Polyether  foam  conductivity  in  Btu~in./hr-ft2-°F.  b  La  sec  m  model  length  of  1  foot. 


directly  beneath  trie  floor,  such  as  the  quantity  of  insulation  within  the  vehicle  skin,  which  arc 
unknown  at  this  time.  It  is  anticipated  that  the  vehicle  thermal  control  coating  will  be  a  low 
oft  ratio  white  paint  (a  =0.2,  <  =  0.8}  to  achieve  a  low  temperature  surface  from  which 
some  internal  heat  may  be  dissipated. 

The  model  thermal  parameters  have  been  estimated  and  are  presented  in  Table  IV.  Ra¬ 
diation  view  factors  for  the  tunnel  interior  and  for  the  energy  exchange  between  the  tunnel  and 
vehicle  are  obtained  by  numerical  or  mathematical  integration  around  the  nodes.  Externa!  heat 
fluxes  (solar,  albedo,  and  earth  reradiation)  on  each  external  node  are  evaluated  by  numerical 
integration  around  the  node  for  a  given  tunnel  orientation  mid  orbital  position  and  include  the 
effect  of  shielding  from  other  nodes.  These  external  fluxes  have  been  evaluated  tor  a  day-night 
orbit  with  the  tunnel  facing  (1)  space.  (2)  horizon,  and  ('ll  earth,  as  well  as  a  twilight  orbit  with 
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Table  V.  External  Heat  Fluxes*  Incident  on  External  Model  Nudes 


Node 

Day -Night  Orbit 

b 

L 

Twilight  Orbit 

Horizon 

Earth 

Space 

[  Sun 

Earth 

Space 

Umbra 

Solar* 

Earth 

Solar* 

Earth 

Solar* 

Earth 

Solar* 

Earth 

rsoiar* 

Ear '  V 

Soiar* 

Tirth 

Solar* 

Earth 

5 

46  ta 

57.86 

17. 12 

23.35 

24.  59 

15.28 

42.  88 

57,86 

0 

23.25 

431.  11 

15.26 

0 

0 

10 

38  50 

49.12 

38.51 

49.  14 

100  02 

4.  16 

304.65 

49.  12 

0 

49.  i4 

304.85 

4.  18 

0 

4.19 

15 

30.  77 

23.25 

50.23 

63.  58 

137.23 

0 

43!.  H 

23.  25 

42.88 

63.  58 

*2.  88 

0 

0 

23.25 

20 

100.04 

4.19 

38.51 

49.14 

100.02 

4.  16 

204. 85 

4.  19 

304.85 

49.  14 

0 

4. 16 

0 

49.  12 

25 

137  23 

0 

17.  t2 

23.25 

24.  59 

15.28 

42.88 

0 

435. 1 1 

23.25 

3 

15.23 

0 

57.86 

26 

35.37 

0.07 

2.08 

2.90 

5.28 

7.37 

0 

0.07 

110.95 

2.90 

0 

7.37 

0 

17.81 

30 

13.96 

17.81 

2.08 

2.90 

5.28 

7.37 

0 

17.81 

0 

2.  ?0 

110.95 

7.37 

0 

0.07 

31 

0.  15 

0.21 

0 

0 

1.23 

1.72 

0 

0.21 

0 

0 

0 

1.72 

0 

3.76 

32 

0.67 

0.94 

0 

0 

0 

0 

0 

0.94 

0 

0 

0 

0 

0 

0.94 

33 

2.69 

3.76 

0 

0 

1.23 

1. 72 

0 

3,76 

0 

0 

0 

1.72 

0 

0.21 

34 

111.40 

0 

35.06 

44.87 

89.  54 

5.  66 

268  55 

0 

349,  98 

44.87 

0 

5  66 

0 

53.46 

35 

85.48 

0 

38.93 

49.04 

112.73 

1.85 

349.98 

0 

268.  j 

49.04 

0 

1.85 

0 

45.26 

36 

59.  43 

0 

33.43 

42.  16 

94  78 

0.27 

20". 15 

0 

186.  7! 

42.  16 

0 

0.  27 

0 

37.86 

37 

36.41 

0 

7.  13 

9.  96 

0 

0 

0 

0 

114.37 

9.  06 

0 

0 

0 

!0.  73 

38 

12.28 

0.04 

0 

0 

0 

0 

0 

0.  04 

38.  50 

0 

0 

0 

0 

0.65 

S9 

0.  88 

0.65 

0 

0 

0 

0 

0 

0.GS 

0 

0 

38.  50 

0 

0 

0.04 

40 

8.93 

!  0.73 

7.  n 

9.96 

0 

0 

0 

10.  73 

0 

9.96 

114. 37 

0 

0 

0 

41 

29.  14 

37.80 

33.  43 

42.  16 

9«,78 

0.27 

297.  15 

37.  86 

0 

42.  16 

186.71 

0.27 

0 

0 

42 

31.34 

45.26 

38.93 

49.04 

112.73 

1.85  II  349.90 

4r  ?C 

0 

49.04 

268  55 

1.35 

0 

0 

43 

42.09 

53.46 

35.  C6 

44.87 

89.  54 

5.66  1 

268. 55 

53.  46 

0 

44.96 

349.98 

5.86 

0 

0 

•Fluxes  in  Btu/hr-ft^  without  reflections.  *  Orbital  averages. 


‘Solar  (luxes  include  albedo. 


the  tunnel  facing  (1/  sun,  (2)  space,  (3)  umbra  of  earth,  and  (4)  earth,  without  vehicle  rotation. 
A  summary  of  these  fluxes  is  presented  in  Table  V.  Radiation  ii.'.erchanges  including  the  re¬ 
flections  o!  external  fluxes  are  handled  the  Oppenheim  method  (Reference  2). 

Transient  solutions  for  the  day-night  orbit  require  a  large  amount  cl  computer  time  due 
to  the  slew  response  rate  of  the  tunuei.  Considerably  quicker  stabilizt  !  solutions  may  lie 
achieved  by  using  the  Gauss-Seidel  method  for  the  twilight  orbit  conditions  and  by  using  aver¬ 
age  t.  ternai  fluxes  for  the  day  night  orbit  conditions.  For  these  stabilized  solutions,  the  in¬ 
ternal  surface  coefficient  is  taken  as  1  Btu/hr-ft2-°F  and  the  foam  conductivity  as  0.04 
Btu-in. /hr-ft2-°F.  The  external  surface  of  the  honeycomb  floor  is  presumed  to  be  uncoated 
bare  metal  {o  -  0. 15,  «  =  0.05).  while  the  vehicle  is  presumed  to  have  the  likely  coating 
(a  -  0.2.  (  0.  b)  with  no  internal  heating.  The  conductance  of  the  vehicle  skin  between  nodes 

36  and  37  is  0. 1  Btu/hr-°F  for  a  1  -  ft  length,  and  was  obtained  by  presuming  a  Rene  41  skin. 

It  is  noted  from  Figure  53  that  the  temperatures  are  considerably  higher  within  the  tunnel 
when  the  tunnel  is  turned  sideways  to  the  sun.  such  as  the  horizon  orientation  in  the  day- night 
orbit  and  the  earth  and  space  orientations  in  the  twilight  orbit.  This  phenomenon  is  duo  to  the 
high  u/c  ratio  of  the  flo-r  reacting  to  vehicle- reflected  sunlight.  Revised  tunnel  schematics 
indicate  that  this  effect  will  not  occur,  since  the  tunnel  canister  will  prevent  sunleght  irom 
entering  this  area.  A  more  realistic  estimate  of  temperatures  with  the  floor  shielded  may  be 
obtained  by  presuming  no  solar  or  albedo  heating  of  nodes  31.  32.  33.  37,  38,  39,  and  40. 
Figure  54  presents  the  results  of  this  presumption  while  retaining  other  Figure  53  conditions. 
The  honeycomb  and  vehicle  a  and  t  values  are  the  sarr>-  fi>r  Figures  53  and  34. 

A  significant  '■  cure  of  Figure  54  is  the  effect  of  tunnel  orientation  on  internal  tempera¬ 
tures.  A  rather  wide  hand  of  temperatures  results  for  a  giver,  orbit  according  to  the  orienta¬ 
tion.  Vehicle  surface  t.  n.peratures  arc  cool,  attaining  a  maximum  value  of  -2l'JF  for  the  day- 
nlght  orbit,  although  somewhat  higher  local  temperatures  are  obtained  in  the  twiligfct  orbit. 

Since  "shlrt-s!  "-ve"  temperatures  are  desired  within  the  funnel  wHh  the  lowest  possible  value 
of  a  t  on  the  tun  1  uiieviate  hot-spot  temperatures),  the  tunnel  floor  should  be  thermally 
isolated  from  the  vehicle-.  This  may  be  i  artialiy  accomplished  by  a  low  emittance  coat-tv  o» 
the  external  surface  ■•••;  the  floor,  such  as  was  presumed  in  Figure  54.  or  by  thermal  insula* ton. 
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ehlcle  thermal  coatings  would  also  have  some  slight  effect  on  tunnel  temperatures.  With  nc 
' rn' ~/iea“nS>  t,ie  total  heat  flux  leaving  the  vehicle  consists  of  reflections  of  solar,  albedo, 
and  earth  radiation  as  well  as  reradiation  from  the  vehicle  and  is  essentially  constant.  Since 
the  tunnel  a/e  ratio  is  greater  than  unity,  it  Is  desirable  to  have  the  largest  portion  of  the  heat 
flux  leaving  the  vehicle  consist  of  reflected  solar  and  albedo  radiation,  which  is  obtained  by  a 
low  a  coating  on  the  vehicle.  A  high  t  coating  on  the  vehicle  will  maximize  the  effect  of  internal 
heating  on  the  tunnel  temperatures.  The  presumed  vehicle  coating  appears  to  be  optimum  In 
regard  to  tunnel  temperatures. 

Higher  thermal  conductivities  in  the  polyether  foam  and  vehicle  internal  heating  should 
increase  tunnel  temperatures.  Figure  §5  shows  the  tunnel  temperature  when  the  foam  con¬ 
ductivity  is  0.25  Btu-in. /hr-ft2-°F  and  the  vehicle  temperature  is  maintained  at  50°F  by  in¬ 
ternal  heating.  Addition  of  copper  drop  threads  to  increase  the  foam  conductivity  to  1.0 
Btu-ln.  /hr-ft^-°F  produces  results  as  shown  In  Figure  56.  As  may  be  anticipated  from  Fig¬ 
ure  51,  the  Increased  foam  conductivity  has  a  slight  effect  on  day-night  orbit  temperatures  and 
a  significant  effect  on  twilight  orbit  temperatures.  Vehicle  internal  heating  has  a  large  effect 
on  tunnel  temperatures.  The  honeycomb  and  vehicle  a  and  e  values  are  the  same  for  Figures 
55  and  56. 

For  the  data  shown  in  Figures  53  through  56  the  internal  tunnel  surface  temperatures 
vary  locally  from  the  average  Internal  temperature  by  less  than  10°F  in  the  day-night  orbit 
and  as  much  as  40°F  In  the  twilight  orbit.  Structural  layer  temperatures  vary  from  the  aver¬ 
age  internal  temperature  by  approximately  the  same  values  for  foam  conductivities  of  0.25 
Btu-in.  /hr-ft^-OF  or  less;  with  copper  drop  threads  the  values  become  15  and  55°F  respect¬ 
ively. 


e.  Temperature  Distribution  on  Tunnel.  While  the  interior  and  maximum  surface  temper¬ 
atures  are  of  primary  concern,  temperature  distributions  around  the  tunnel  may  also  prove 
interesting.  Figure  57  presents  a  typical  temperature  distribution  for  a  twilight  orbit  and  re¬ 
presents  a  Figure  54  condition  with  a  foam  conductivity  of  0.04  Btu-in. /hr-ft^-°F. 

For  s  day-night  orbit,  the  temperatures  will  vary  with  time  due  to  variable  external 
heating.  Transient  solutions  may  be  obtained  by  use  of  a  quasi-backward-difference  numeri¬ 
cal  integration  technique.  This  method  utilizes  forward-difference  radiation  interchange  inci¬ 
dent  fluxes,  backward-difference  for  conduction  interchange  and  radiation  emissions,  and  mid- 
differencc  external  heating  (solar,  albedo,  and  earth  radiation).  A  typical  transient  equilib¬ 
rium  solution  is  shown  in  Figure  58  with  an  interior  surface  emittance  of  0.  9.  The  Figure  58 
conditions  corresponds  to  the  Figure  55  conditions  with  a  foam  conductivity  of  0.  25  Btu-in.  / 
hr-ft2-°F,  permitting  a  comparison  of  results.  The  average  Internal  temperature  per  Figure 
58  la  within  3°F  of  the  Figure  55  value,  proving  the  validity  of  using  orbital  average  fluxes  for 
a  stabilized  solution.  As  shown,  the  internal  temperature  varies  i7°F  from  the  average  value. 

4.  Conclusions 

The  following  pertinent  conclusions  are  attained  as  a  result  of  the  thermal  analysis  on 
the  crew  transfer  tunnel: 

(1)  To  passively  maintain  comfortable  internal  temperatures,  the  tunnel  external  sur¬ 
face  generally  requires  a  thermal  coating  with  a  ratio  of  a  to  «  between  1  and  3.  The 
values  of  a  and  e  should  be  minimized  to  dampen  the  day-night  temperature  cycle 
and  the  hot-spot  and  cold-spot  temperatures  on  the  external  surface.  These  criteria 
may  be  satisfied  by  using  a  coating  of  an  aluminized  film  substrate  (a  -  0. 15, 
f  =  0.05,  a/e  =  3)  covered  In  part  by  an  aluminized  silicone  paint  (u  =  e  -  0.25, 
a/e  -  1).  By  varying  the  quantity  of  painted  surface,  the  effective  a/e  ratio  may  be 
established  at  any  desired  value  between  1  and  3.  Ratios  of  a/e  less  than  1  may  be 
desired  in  a  twilight  orbit  or  locally  for  other  orbits.  These  ratios  may  be  obtained 
1~y  adding  a  thin  layer  of  silicon  monoxide  to  the  aluminized  film  substrate  (a  =  0. 15, 
e  =  0.  5,  a/e  =  0.3\ 
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Figure  57.  Typical  Tunnel  Temperatures  with  No  internal  Vehicle 
Heating  and  Fieor  Shielded 


Figure  58.  Typical  Tunnel  Temperatures  with  50°F  Internal  Vehicle 

Heating  and  Floor  Shielded 
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All  thermal  coatings  described  above  are  currently  state  of  the  art,  with  the  pos¬ 
sible  exception  of  the  aluminized  silicone  white  paint.  The  latter  has  not  been 
proved  for  inflated  structures;  since  the  elastomer  base  is  very  similar  to  that  of  a 
proven  zinc  oxide  pigmented  paint,  no  difficulties  are  anticipated.  Development 
and  testing  of  this  aluminized  silicone  white  paint  on  inflated  surfaces  should  be  ac¬ 
complished  at  the  earliest  opportunity. 

(2)  With  the  external  surface  thermal  coating  specified  above  for  comfortable  Internal 
temperatures,  the  external  surface  hot-spot  temperatures  are  excessiv  e.  This 
problem  is  aggravated  by  outgassing  of  the  polyether  foam  following  micrometeoroid 
penetration  of  the  outer  cover,  with  hot-spot  temperatures  approaching  300°F  before 
penetration  and  350°F  following  penetration.  Possible  solutions  to  the  problem  are 
as  follows: 

(a)  Installation  of  copper  drop  threads  through  the  polyether  foam  to  increase  the 
conductivity.  This  approach  was  previously  accomplished  for  the  lunar  shelter 
program;  conductivities  of  approximately  0.  5  to  1.0  Btu-ln. /hr-fi --°F  would  be 
desired. 

(b)  Increasing  the  mass  of  the  external  surface  by  additional  layers  of  cloth  or  film. 
A  surface  layer  mass  of  1  psf  appears  desirable,  although  a  mass  of  0.  5  psf 
would  greatly  reduce  hot-spot  temperatures.  It  should  be  noted  that  Increased 
weight  Is  undesirable  from  standpoints  other  than  thermal.  This  solution  would 
not  apply  to  a  twilight  orbit. 

(c)  Rotating  the  system.  A  continuous  system  rotation  of  one  revolution  every  5  or 
10  minutes  would  eliminate  the  problem. 

(d)  Use  of  a  thermal  control  coating  with  an  a/e  ratio  less  than  1  would  eliminate 
the  hot-spot  problem  but  require  heat  addition  to  the  tunnel  for  comfortable  In¬ 
ternal  temperatures. 

(e)  Selective  use  of  thermal  control  coatings.  Portions  of  the  tunnel  that  experience 
severe  solar  heating  would  have  a  low  a/e  ratio  coating,  while  other  portions  of 
the  tunnel  would  have  a  high  a/*  ratio  coating.  This  method  would  require  de¬ 
finition  of  the  orbital  and  orientation  parameters  prior  to  coating  selection. 

(3)  The  tunnel  orientation  and  the  type  of  orbk  selected  have  a  significant  effect  on  in¬ 
ternal  temperatures.  For  a  given  orbit,  the  orientation  will  vary  the  internal  tem¬ 
perature  through  a  band  considerably  wider  than  the  ±25°F  tolerance  required.  In 
orbits  approaching  a  twilight  orbit,  there  are  orientations  wherein  the  interior  can¬ 
not  be  passively  maintained  at  comfortable  temperatures.  Possible  solutions  to 
maintain  a  reasonably  tight  tolerance  on  internal  temperatures  are  as  follows: 

(a)  Selected  orientation  as  required. 

(b)  System  rotation  as  previously  discussed. 

(c)  Heat  addition  to  the  tunnel  as  required. 

(d)  Forced  convection  of  the  Gemini- MSS  atmosphere  through  the  tunnel  prior  to 
use. 

(e)  Reconsideration  of  the  need  for  a  closely  controlled  tunnel  Internal  temperature. 

(4)  Tunnel  Internal  temperatures  are  considerably  affected  by  the  tunnel- vehicle  inter¬ 
face  area  since  the  uninsulated  floor  represents  the  primary  means  of  heat  transfer 
into  or  from  the  tunnel.  Since  the  vehicle  surface  will  probably  be  cooler  than  room 
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temperature,  the  tunnel  should  be  insulated  from  the  vehicle  by  thermal  Insulation 
on  the  floor  external  surface.  The  two  hatches  are  presumably  near  room  temper¬ 
ature  and  should  cause  no  problems.  Final  decisions  on  the  Interface  thermal  de¬ 
sign  must  logically  await  details  of  the  vehicle  thermal  ■'esign. 

(5)  Thermal  coatings  on  the  Gemini-  MSS  vehicle  appear  to  have  only  slight  effect  on 
the  tunnel  thermal  design,  unless  a  highly  specular  reflective  coating  such  as 
polished  metal  is  used.  A  slight  advantage  is  realized  with  low  a/t  ratio  vehicle 
coatings,  but  this  advantage  is  not  sufficient  to  justify  alteration  of  the  vehicle 
coatings. 

(6)  A  low  a/t  ratio  white  paint  should  be  applied  to  the  tunnel  interior  surface  to  expe¬ 
dite  internal  heat  transfer  and  minimize  temperature  gradients  while  Improving  the 
lighting.  The  zinc  oxide  pigmented  paint  develop^  by  GAC  for  the  lunar  shelter 
project  would  be  suitable  for  this  application. 

(?)  Cold-spot  temperatures  on  the  external  surface  do  not  present  any  difficulties.  Ex¬ 
cept  for  a  twilight  orbit,  the  minimum  temperature  should  be  within  the  -1C0°F 
value  desired. 

It  is  recommended  that  tJ  e  thermal  study  be  refined  in  coordination  with  or  subsequent 
to  the  Gemini- MSS  thermal  designs.  The  optimum  solutions  to  the  problems  stated  above  may 
be  selected  on  the  basis  of  system  or  operational  requirements.  From  a  thermal  viewpoint, 
the  .expandable  crew  transfer  tunnel  concept  is  definitely  feasible  and  within  the  state  of  the 
art. 

C.  STRUCTURAL  ANALYSIS 

1.  General 

The  crew  transfer  tunr.el  consists  of  the  expandable  structure,  which  is  the  nonmetal 
part  of  the  tunnel,  and  the  hard  structure,  which  is  the  floor  with  all  the  necessary’  attach¬ 
ments  to  the  Gemini  and  MSS.  Attached  to  the  onte**  surface  of  the  floor  by  meano  of  10 
brackets  is  the  canister,  within  which  the  tunnel  is  packaged  during  ascent  of  the  vehicle. 

This  analysis  considers  the  stresses  produced  in  the  expandable  structure,  specifically 
the  structural  layer  of  the  composite  wall,  the  floor,  and  the  separation  rings, due  to  inflation 
pressure.  The  canister  support  brackets  are  also  analyzed,  but  the  load  used  is  arbitrarily 
selected  from  preliminary  aerodynamic  considerations.  The  canister  Itself  is  not  analyzed, 
since  aerodynamic  loads  and  temoeratures  depend  or.  the  launch  profile,  which  is  not  specified. 

2.  Definition  of  Load  Factors 

The  expandable  structure  should  have  a  safety  factor  of  5  when  inflated  to  an  internal 
pressure  of  7.  5  psi.  The  metal  structrue  should  have  a  safety  factor  of  2  on  yield  strength 
and  a  factor  of  3  on  ultimate  strength  for  the  internal  pressure  of  7.  5  psl. 

Limit  load  is  defined  as  the  load  produced  by  an  inflation  pressure  of  7.  5  psi.  For  the 
metal  structure,  load  factors  based  on  limit  load  are  rsed  to  determine  yield  loads  and  ulti¬ 
mate  loads  for  the  determination  of  margins  of  safety  relative  to  allowable  yield  and  ultimate 
stresses.  Yield  and  ultimate  load  factors  are  defined  for  metal  members  as  follows: 

(1)  Yield  Loau  Factors 

(a)  Members  in  Compression  -  3 

(b)  Memuers  in  Tension  -  2 

(2;  Ultimate  Load  Factors 

(a)  Member^  in  Compression  -  3 
(b>  Members  in  Tension  -  3 
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hoh!  fry  multiplying  limit  loads  by  the  yield  load  factor*,  arid  «..!«- 
v  multiplying  limit  loads  by  the  ultimate  load  factors.  The  corn- 
based  on  the  fact  that  compression  yield  is  considered  iailure. 


3.  Expandable  Structure 


Geometrically,  the  expandable  structure  is  a  series  of  surfaces  (parts  of),  which  from  tne 

Geinjoi  t  MSS  are  as  follows  (see  l  igu^t?  39)- 

(!)  Sphere:  It  -  21.49  inch**.-,  (on  Gemini/. 

(2)  Frustum  of  Cone:  R  =  21.40  inches,  R  20.  60  inches  (on  Gemini). 

(3)  Torus-  P.‘  -  110  inches,  r  =  R  -  20.80  inches  (transition). 

(4 '  Cylinder:  W  ■=  20.80  inches  (on  MSS). 

(5)  Sphere:  R-  -  20.80  inches  (on  MSS). 

The  maximum  stress  occurs  at  the  connection  ot  the  transition  torus  to  the  floor  in  the 
meridional  direction  of  the  torus  while  pressurized  in  orbit  under  zero  G.  Let  b, shown  in 

Figure  59, be  the  floor  narrowed  half  width  under 
the  torus.  Then  b  =  16.75  inches.  The  maximum 
meridional  stress  in  the  torus  is 

Gnax-W1 - :!!==W”-  !,3> 

\  RWr*-!.3/ 

where  p  is  ihe  inflation  pressure  (Reference  3. 
p  274).  Substituting  numerical  values  in  Equation 

13  ’  ields 

p(20. 80)  /.  1 10.0  \ 

•  max  V  2  1 1  *  r - ] 

\  110.0- 720.  32  -  IR  '<52/ 

?2  .lip  lb 'in.  S 145 

for  p  -  7.  5  psi.  t  -  165.  a  lb/in. 

The  materials  used  1  -  dv  expandable  wall  uf  the  runnel  are  described  in  subsection  E  of 
this  section.  The  cl  sign  ult’mate  strength  of  the  four-ply  structural  layer  is  given  as  831  Ib/in. 
including  degrariaticu  fo-  plying  and  seaming  efficiency,  and  creep-rupture  effects  (Reference 
4.  p  132).  With  this  ultimate  strength  and  an  applied  stress  of  165.8  lb/in. ,  the  factor  of 
safety  for  the  structural  layer  is  831/165.8  =  5.0  for  a.i  inflation  pressure  of  7.5  psi. 

.  Hard  Structure 

a.  Sandwich  Floor.  The  floor  consists  uf  two  plane  surfaces  subjected  to  normal  uniformly 
distributed  load  (pressure)  reacted  by  the  membrane  pull  around  its  outer  boundary  and  the 
forces  between  the  tunnel  and  the  Gemini-  MSS  vehicle  » round  tne  elliptical  arid  circular  hatches 
where  me  floor  is  attached  to  the  Gemini  capsule  and  the  KSS  respectively.  Since  the  mem¬ 
brane  forces  acting  around  the  outer  edge  of  the  floor  have  some  inclination  relative  to  the 
floor,  ihe  floor  is  subjected  to  bending  stresses  created  by  the  normal  components  of  the  above 
forces  as  well  as  distributed  in-plane  forces  arexind  the  outer  boundary  created  by  the  in-plane 
components.  The  in-plane  toad  *  an  be  considered  •**  a  uniform  "hydrostatic"  ♦eneion  equal  to 


i 


f  TORUS  A>  IS  OF  SYMMETRY 
Figure  a 9.  Torus  N.eridia  1  Sec  ion 
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the  in-p)ane  component  of  f  majc  in  Flgur*  59;  i.e- , 


f  =  f 


=  22.11  p 


20.80 


=  IS.  11  p  lb/ir,. 


This  force  is  taken  by  the  two  faces  of  tne  sandwich  floor  and  has  a  relieving  effect  on  the 
floor  deflection.  The  floor  is  analyzed  as  a  simply  supported  plate  (beam)  loaded  uniformly 
by  the  inflation  pressure,  p.  The  maximum  width  of  the  floor  ie  36. 36  inches. 


13. Up 


13.  Up 


VA  =  VB  =  18. 18p  lb/in.  (16) 

Mmax  =  =  i65-3?  in.-lb/in.  (17) 


-36.36" 


The  relieving  effect  of  the  axial  tension,  13.  lip  lb/in. ,  on  the  floor  maximum  deflection 
and  compressive  bending  stress  is  neglected. 


1 

♦  =  0.063" 

i 

*<(' 

!.«r  JO] 

1 

,=2[^  + 

t 

For  the  yieid  and  ultimate  strengths  of  the  7075-T6  aluminum  sandwich  faces,  see  Reference  5, 
p  3.  2.  7. 0(b).  The  limit  compression  stress  is 


<c  -  165ow  ~  -  -  22'3m  p»i- 

non 

Margin  of  safety  (MS)  =  3  x  22~~380~  ~  +0,01‘ 

The  limit  tension  stress  is 

ft  =  22,380  22,380  +  780  =  23,160  psi. 


77, 000 
3  x  23.16 


•1  =  +0.11. 


The  maximum  floor  deflection  occurs  at  the  midspan.  . 

a  5  .  pL4  _  5  7. 5  x  (36. 36)4  ..  „  at>  ni7T  ,10. 

®max  ~  sna  fi  ~  *jb4  &  -  0.62  in.  -  0.017L  (19) 

384  El  384  l0  x  106  x (0< 02770) 

For  the  core  material  chosen,  the  flexural  shear  strength  in  the  longitudinal  direction  is 
540  psi.  From  Equation  16,  the  maximum  core  shear  is  18. 18p.  The  core  shear  stress  is 

f8  =  18. 18  x  7.  5  x  3  =  409  psi  (yield). 

ms*!!!-!  * +o-32- 


FLOOR  EDGE 


VD 

hD  I 

f  T^P 

/  r -0.47s' 


0.874" 


EXPANDABLE  TUNNEL 
STRUCTURAL  LAYER 


He  JC 

VC 


Figure  60.  Floor  Edge  Molding  Loading 


The  load  applied  to  the  floor  edge  molding  is  shown  in  Figure  60  as  the  load  F,  which  is 
equivalent  to  the  load  f'max  shown  in  Figure  SO. 

F  =  22.  lip  lb/in.  (20) 

From  Figure  59, 

sin  0  =-50§'*  0.8053 

0  =  53°38'. 

The  reaction  (see  Figure  60)  necessary  ior  determining  bending  moments  is  determined 
from  statics  as  follows: 

He  =y  (1  +  cos  0)  *  0. 7985F  lb/in.  (21) 

The  edge  molding  bending  moments  are  as  follows: 

When  4>  §  0,  ■  Vc  r  air.  0  -0. 7965Fr  (1  -  cos  *)  in.  -lb/in.  (22) 

wrv  •  -  -  M (♦<  6)  •  -  cos  (0  -  0)  |  in.-lh/J-  (23) 

Using  energy  methods, 

U  «  JET  f^b2  ds  ln*  *lb/ln>  (24) 

Partial  differentiation  of  Equations  22  and  23  yields 


*  r  sin  0  In.  -lb/in. 


Since  *  0, 
g  vc 

partial  differentiation  of  Equation  24  aid  the  substitution  of  Equations  22,  23,  and  25  give 
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j  jvc  r  sin  d  -0. 7965F r  (1-  cos  d)  j  r  tin  d  r  d$  «■ 
J*  Fr  J 1-  co*  (d  -  0}  J  r  sin  d  r  dd  *  0. 


Solving  this  equation  for  Vc  yields 

VC  «  0.5653 F  lb/in.  (27) 

Then  Equations  22  and  23  are  as  follows: 

When  d  3  0,  M^/Fr  *  0. 5653  sin  d  -0. 7965  (1-  cos  0).  (28) 

When  d  s  M^/Fr  =  0.  5653  sin  d  -0. 7965  (1-  cos  tf)  +  1-  cos  (6  -  53°38’).  (29) 

Using  equation  20  and  Table  VI  with  p  »  7.  5  pel.  the  maximum  moment  is 
Mmax  ?  018  Fr  =  0.18  x  22.11  x  7.  5  x  0. 47  «  14.03  in.  -lb/in. 

The  floor  edore  section  modulus  is 

-i  =  ^  >  .19, 'W?)-  .  0.0006615  1n.3/in. 

The  ultimate  tensile  stress  is 

.  (  14.03  22.11  X  7.5 \  ,  _  , 

ftu  =  ( oToooeeTF  OeT^/ 3  '  71,M8p“* 

For  the  straight  molding, 

MS  -1  *  +0.01. 

The  maximum  concessive  stress  at  about  d  =  126  degrees  (see  Tab!*?  VI),  which  would  be  mul¬ 
tiplied  by  a  load  factor  of  3  to  be  checked  against  the  allowable  yield  strength  of  88,000  psi.  is 


Table  vi.  Values  of  M$/Fr  for  Several  Values  of  d 


(degrees)  8in  ♦  cos  0  coa  1_  cos  0 


0 

18 

36 

53°38’ 

72 

90 

ioe 

126 

144 

162 

180 


0 

0. 3000 
0.  5878 
0.8052 
0.9511 
1.000 
0.9511 
0. 8090 
0. 5878 
0.3090 
0 


1.000 
3.9491 
0.8052 
0.  5826 
0. 3029 
0.0084 
-0.3151 
-0. 5930 


0.4070 

0.6910 

1.0000 

1.3090 

1.5878 

1.8090 

1.9511 

2.000 


1.0064 
1.3151 
1. 5930 


.  5653  x  0. 7965  x 
sin  0  (l-  cos  d) 


0 

0.0389 
0.1521 
0.3242 
0.5504 
0. 


0. 

0. 
0,3323 
0. 1747 
0 


0 

0.1358 
0.1302 
0. 1310 


-0.0364 

-0.0875 

-e,uos 

-o.ioii 

•0.0643 

0 

much  lower  thin  uve  tensile  itrtH  o 4  71,530  pel;  hence  the  mar  gin  of  safety  it  positive  through 
oat.  Around  the  curved  portions  of  the  floor  however,  the  maximum  street  it  about  half  the 
above  stress,  because  the  tunnel  there  is  spherical.  Therefore,  the  curved  molding;  which  is 
6061-T8  aluminum  with  an  ultimate  tensile  strength  of  43, 000  pel,  exhibits  a  positive  margin 
of  safety  throughout. 

The  bond  stress  between  the  molding  and  the  channel  is  also  checked. 

22.  lip  (0.50)  -  0.374Fo 


IB/iN. 


Hb  -  I2.88p  Ib/ln.  (30) 

The  ultimate  shear  stress  is 

#  12. 86  x  7.5x3  . 

fsu  * - 05 - -  *  380  psl‘ 

The  allowable  bond  shear  stress  is  2500  psi. 


MS  *  +  (high). 


Two  floor  section  splice  plates  (7075-T8  aluminum)  connect  the  two  portions  of  the  floor. 
The  primary  loads  to  which  they  are  subjected  are  the  bearing  of  the  connecting  rivets.  These 
rivets  are  subjected  to  shear  whose  maximum  value  from  Equation  16  and  geometry  is 


1.13x2.1  x  18. 18p  -  43. 14p  lb 


(31) 


where  the  plate  spacing  is  1. 13  inches  and  the  rivet  spacing  is  2. 1  inches.  The  bearing  stress 
is 


43. 14  x  7.5x3 
-  o.221  x  0.063  = 


89,720  psi. 


MS 


-♦  O-86- 


Thirty-four  blind  rivets,  NAS  1330,  No.  10,  are  used  to  attach  the  splice  plates.  The 
allowable  rivet  single  shear  strength  is  1220  pounds. 


MS  * 


_ 1220 _ 

43. 14  x  i.  5  x  3 


+0.25. 


b.  Separation  Rings.  The  circular  ring  is  analysed  because  it  is  larger  and  hence  more 
critically  loaded!  thaalncs  elliptical  ring.  The  ring  is  subject  to  loads  p  and  w  acting  on  the 
•‘yltodrical  portion  of  ‘he  ring.  The  load  r  is  the  i*tF.!  ‘.-eag  jr  *Hg  cylinder  inflated  to  a 
tM*ssure  p.  Using  ultimate  loads,  p  -  22.  5  psi  and  w  *  0. 5  (22. 5)(15. 12)  *  170. 1  lb/ln. 

The  ring  is  fastened  at  24  places  (point  C  in  figure  81)  evenly  spaced  on  the  flange.  Three 
different  cases  might  describe  the  way  the  flange  responds  to  the  load  w,  which  comes  trom 
the  cylindrical  part  of  the  ring.  Refer  ence  5  and  8  notations  ?,  re  used.  These  cases  are  as  follows: 

Case  I  -  w’  applied  at  point  A,  w"  equals  Aero. 

Case  II  -  w1  applied  at  point  C,  w"  equals  aero. 

Case  HI  -  w  applied  at  point  C,  w"  applied  at  point  B. 

For  w"  »  0, 

w’A  *~w  170.1  -  151.3  lb/ln. 

w'c  *-^w  «  170.1  -  160.7  fib/in. 


For  w"  at  point  B, 

w"  -  — — U- 

a  +  e  14 


e  -  c  -  t  | 
~ 3TTj 


15.12 
'  16.87 


(0. 75)(170. 1)  «  79. 8  lb/ in. 

a  +  e  15.12(170.1) 

~b~*  * — rs — + 


16.67  (78.  e) 

TB 


243.9  lb/ln. 


In  all  cases  the  rotation  oi  the  cylinder 
and  the  flange  at  their  intersection  should  be 
equal  for  compatibility.  It  is  clear  that  case 
I  is  unrealistic,  because  it  assumes  that  the 
flange  is  supported  at  point  A  Instead  of 
point  C,  and  case  m  assumes  that  the  flange 
is  infinitely  stiff  from  point  C  to  point  A, 
This  infinite  rigidity  is  no  structural  «uv«n- 
tage  to  the  ring,  since  with  no  contact  be¬ 
tween  the  flange  and  the  underlying  frame  as 
<n  Case  II,  the  flange  is  sufficiently  strong, 
as  is  proved  below.  *o  withstand  the  applied 
loads  w  and  p  shown  in  Figure  61. 


The  cylinder  deflection  and  rotation 
where  6q  and  6q  are  the  total  deflection  and 
rotation  of  the  cylindrical  portion  of  the  ring 
(Reference  3,  Table  XIII),  are  determined  as 
follows: 


•  =  0.61* 


Figure  61.  Separation  Ring  Cross  Section 


,  4/ 3(1  -*2) 

XL  =  0.7584  x  2  31 

1.75  -  1.7  0.05 

2-1.7  ‘  0.3 


/  3  |l-0. 3*| 

(15.12  x  0.19)2 

=  1.75. 

=  0. 167. 


0. 7584  in. 


The  following  coefficients  are  used  with  the  corresponding  deflections  and  rotations  for  the  total 

valuer: 

<■*'«  .  i  «.  n  kbi  i*  i  <41  -  t  <>, a  «■»  /4„i 

c’4  e  1  36  -  0.187  (1.38  -  1.21)  *  1.33  -  («v). 

C\  =  1.40  -  n.  187  (1.40  -  1.18)  «  1.36  -  <4M). 

C'e  *  1.22  -  0.187  (1.22  -  1.08)  «  1.20  -  (0M). 

The  flexural  rigidity  Is 

„•  _  _  JStL  .  10  x  IQS  x  (0. 19)3  a 
12(1  -if)  12(1-0.3*) 


6.281  x  10*  in. -lb. 


The  cylinder  deflection  d»»@  to  p  ts 

«CP  -  r(^  *  (l-  -  0. 10227  x  10*3  p  In.  (32) 

*  ‘  1  7  10  *  10®  x  0. 19  '  z  ' 

The  cylinder  deflection  end  rotetiun  due  to  Vq  ere 
Vn  Vn 

#Cv  ”  - - —  - - x - s - r*  -0.1825  x  10"3Vq  In.  (33) 

2D  X3  2(6. 281)  103  x  (7. 584)3  x  10‘3 

Va 

*CV  «  -  ,  X  -  -X4cv  "  -0.7584(-0. 1825)  10'3V0  -  0. 1384  x  10"3  V0  rad.  (34) 
2D  A 

The  cylinder  deflection  and  r  tation  due  to  Mg  are 

_  Mn  Mn  , 

4 CM  * - TT  *  ‘  IT*  •CV  *  'M0  (0- l384)  10-3  in-  (35) 

2DX  v0 

Mn  Mn  . 

*CM  a  — 2 - - - r  -  0. 2090  (10"3)  Mo  rad.  (38) 

XD  0.7584x8.281  x  103 

The  flange  deflection  and  rotation  for  Case  n,  where  4p  and  8p  are  the  total  deflection  and 
rotation  of  the  flange  portion  of  the  ring  (Reference  6,  pl79),  are  discussed  as  follows.  The 
twisting  moment  on  the  flange  due  to  w  is 

M-J^  -  —w  (-  -y-j-  w'  (a  -  h)  * ~*w  (a  -  c)  -w  (a  -  b)  *  (b  -  c)  in. -lb/in.  (37) 
The  total  twisting  moment  on  the  flange  due  to  w,  Vq,  and  Mq  is 
MX  »  Mt*  V0-|--f  Mq  *  -j* [  w(b  -  c)  4  0. 5hVQ  -  Mq ] 

MT  *  (18  -  15. 12)  ♦  0.  5  (0. 19)  V0-Mo] 

-  6. 26341p  +  0. 08*44  V0  -  o.  94147  Mq  in.  -lb/in.  (38) 

The  flange  rotation  due  to  Vo  and  Mq  is 


12M— a 


FVM  ’  Eh3  in-f-  lOx  108  (0. 10) 3  ln(B^)  . .  *’  "T 

#FVM  “  23-98417  *  10*3  («  28341p  +  0.08944  V0  -  0.94147  Mq) 

♦FVM  *  *  I0*3p  ♦  2. 14514  x  10"3  V0  -  23. 58038  x  10*S  Mo  rad. 

The  flange  deflection  due  to  Vo  and  Mq  is 

#  FVM  “  ^rfl  1 c  “  (0. 94147)  -  0. 089448^ 

*FVM  *  13- 48882  *  I0'3  P  ♦  0. 19188  x  10’3  V0  -  2.01959  x  10'8  Mo  in. 


12  (16.06) 


«  23.98417  x  10*3Mt 
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The  flange  deflection  due  to  p  is 


'FP 


-ll  -  - 


(17)*  4(15.12)* 
(17)Z  -  (15. 12)2 


(15.12) 
■vr . . 


1(17)*  -  (15-12) 

For  compatibility,  6q  -  dp  and  #e  *  dp- 


01  170(10)'*  p  in. 


where 


»q  =■=  6C p  +  C3  <CV  +  c5  *CM  and  0C  =  C4  ®CV  +  Cg  «CM> 
dp  =  dpp  4  dpvM  a.id  =  ^FVM* 


(41) 

(42) 

(43) 


Using  Equations 32  through  36 and  39  through  42  in  conjunction  with  Equations  43,  the  first  of 
the  compatibility  equations  (42)  becomes 

0. 10227  x  10"3p  4  1,24  (-0. 1825)  x  10*3  Vo  4  1.36  (-0. 1384)  x  10'3  MQ  = 

0.01170  x  10"3P4  13. 49592  x  10'3  p  4  0.19186  x  10'3  VQ  -2.01959  x  1G'3  M0 

-0.41810  V0  4  1.83137  Mq  *  13,34535  p  =  300.27  (44) 


and  the  second  compatibility  eauation  becomes 

1.33  (0.1384)  x  10"3  VQ  4  1.20  x  0.2099  x  10'3  MQ  =  150.22269  x  10*3  p 
4  2.  14514  x  10‘3  VQ  -  22,  58038  x  10’3  MQ 

-1.98107  V0  4  22.83228  Mq  =  lhO.  22269  p  =  3380.01.  (45) 

Solving  Equation:  44  and  45  simultaneously  for  Vq  and  Mq  yields 


V0  =  -111.  7eS  lb/in.,  M0  =  138,44  In-lb/in. 

(1)  Cylindrical  Portion  Stre*«“!  Tn  the  following  equations,  the  subscript  1  refers  to 
ui«iiuioit<u  or  dX.wu  si.Cooeb,  ‘Cr*''’  •»  -  ->  -  s  hoop  Sit  centra. 


Sjp  ±  Sjy  t  S» 


PC 


*  895  *  23,003  psi. 
fj  ■  23, 900- psi  tension 
fj  -22,  110-pel  compression 


(ultimate). 


h  m  8jp  ♦  82V  ♦  S2M  *  Sjy  *  S^M  •  ^ - -  *  *°  **(’  ?)  (***o) 


.  22.5  x  15.12  2  (0.7584)  (15.12H-U1.5) 

*  - OS - 57TB - 


(coni) 
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1790  «  13,459  -  12,670  *  6901 


2  (0.7564)*  ls».  it)  (-138,  4)  .  0.3  (6)038.4) 

+  - - - 6  T" - *  - ■* - 

Iv  (o  iv“ 

-  2579  *  6901  psi 

12  *  9460-nsi  tension 

<2  *  -4322-psi  compression 

(2)  Flange  Stresses.  In  the  following  equations,  the  subscript  2  refers  to  hocp  stresses. 

b 


(ultimate). 


mt  ■  (-j)  “o  -  7  vo  y  *  7  w  <a-c>  +y  w  (a  *  b) 

*  \  | Mo - 5^  -  w  (b  -  c)  J  in.  -lb/in. 

f  3  /d2  +  c2\  12Mt*^  /d2,c2\ 

<J  Hr  * 82  PV7~7/  *  2T7SI)  pl7T7) 


6a  M| 

eh2  m(f) 


pfti 


(46) 

(47) 


From  equations  46  and  47, 


f,  «  22.  5 


138.4  - 


172  ♦  15. 122 
17Z  -  15.12V 

0.19  (-111.5) 

- 2 - 


6  x  16.06  x  15.12 

X 


15.l2(0.19f  (0.11715)  06.06) 
170.1  (16  -  15. 12)  j  =  193  *  976  psi 


f2  *  1 1 50-p8i  tension 
f2  ■  -803-psi  compression 


(ultimate). 


The  above  discussion  shows  clearly  that  ultimate  stresses  in  all  cases  are  far  below  the  ulti¬ 
mate  strength  of  42,000  psl  for  the  ring  material. 

c.  Floor- Ring  Attachments.  The  floor  is  attached  to  both  rings  (circular  and  elliptical) 
by  means  of  38  fasteners  per  ring.  The  fasteners  are  subject  to  single  shear  by  virtue  of  the 
tunnel  inflation,  which  tends  to  detach  the  floor  from  the  Gemini  capsule  and  the  MSS.  Also,  the 
fastenei  are  subject  to  tension,  If  the  ring  ***  of  *h-  f,oor  around  the  hatches  Is  conser- 
v&U;.!,'  r.c  jlected,  dv .  to  the-  »«nsion  in  the  from  the  in-pi ane  component  of  the  structural 
layer  stresses. 

Because  the  circular  hole  is  larger  than  the  elliptical  hole,  the  analysis  is  done  for  ’  ,ie 
circular  ring  fasteners,  and  the  result  is  applied  to  bota 

The  shear  force  taken  by  each  iagtener  Is  1/36  of  the  pressure  load  acting  normal  to  the 
plane  of  the  hatch,  i,  e. , 

„  *(15>2  (7.  5)  (3) 

p*  *  — — 3ff— 


442  lb  (ultimate). 


The  allowable  ultimate  shear  rtrength  per  fastei^r  is  1220  pounds. 
MS 

The  tension  tc  which  each  fastener  is  subjected  can  be  f^jnd  from 
Pt  «-  (13.  Dp)  ■2,^|1  -  ■  (13,  Up)  lb. 


*  l  *  1.78  (hl*h). 


(41) 
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With  p  «  7,  5  pci  and  a  load  'actor  of  3,  from  Equation  48, 


Pt  -  ~x  13. 11  x  7.5  x  3  772  lb  (ultimate;. 

The  allowable  ultimate  tensile  strength  per  fastener  is  1.4.0  pound r 
MS  -4^-1  «  0.90. 

Each  separation  ring  is  fastened  to  the  vehicle  with  24  camloc  fasteners.  The  total  applied 
load  is  W  =  3  \7.  5)  »  (15. 12)2  =  16, 150  pounds  (ultimate  tension).  The  load  per  fastener  is 

~  PoundB  (ultimate  tension). 

The  allowable  ultimate  tensile  strength  per  fastener  is  3840  pounds. 

MS  -1  «  *  4.70  (high). 

P  *  750  LB 

d.  Canister  Support  Brackets.  The  arbitrarily 
assumed  ultimate  load  on  each  of  the  10  canister 
support  brackets  is  assumed  to  be  taken  by  a  bracket 
as  a  concentrated  tip  load.  P.  The  maximum  bending 
moment  is  determined  from  the  sketch  on  the  right 
to  be 


M’nux  -  750  x9.38  «  7040  in. -lb. 

A  typical  7075- T8  aluminum  bracket  cross  section  Is  shown  In  Figure  52.  The  cross  section 
element  properties  are  given  In  the  following  taole. 


Figure  £2.  7075-T3  Aluminum 
Bracket  Cross  Section  (Typical) 
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Q.OSjO. 1377 !0. 765  id.  1053 

0.08055 

2  il.53 

O.OSjO.  1377 ! 0.765*0. 1053 

0.08055 

3  | 1 . 82 

0.09jo. 1638 ;0. 045 jo. 0074 

0.00033 

I  * 

_ J _ : _ _ 

0.4392  i  |0. 2180 

.  - .  i.  - . '  ..  -  i 

V. 16143 

The  cross  section  centroid  location  is  given  by 

*  XAy  0.2180  „ 

f  *  »  0. 496  to. 

Hie  cross  ae.tton  moment  of  Inertia  s  given  by 
I*  *  !x  *  )y* 


l'i  -  n„  *  tA'y2  -(XA)  y3 


lx 


0.09  a  1.533  .  i.«i0.095 


IF 


IT 


*  0. 161'i  -  0  4792  .  0  «t] 


0. 05372  ♦  0.00011  *  0.16143  -  0.10005  0  ’*7*!  Jo  4 
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The  m*  ,ium  bracket  bending  etr**ss  is 


Mf  7040  (J.  63  -  0.  406) 

_  -  - tf1577r - - 


57,800  phi  (ultimate  tension). 


The  alienable  tension  strength  of  7075- T6  aluminum  is  given  in  Relerence  5.  p  3.2.7.0(b)  as 
77,000  p*i. 

MS  VTffio  ‘  013 
D.  ENVIRONMENTAL  hazards 

1 .  Introduction 

The  two  environmental  hazards  that  are  of  concern  to  the  tuR.;el  design  effort  are  the 
possibility  of  expandable  wail  punctures  due  to  m  1  cro meteo ro id s  and  the  materials  and  biolog¬ 
ical  implications  of  space  radiation.  The  wall  puncture  hazard  due  to  micrometcoroids  is 
assessed  in  terms  of  a  probability  of  zero  penetrations  of  0.  995.  This  probability  depends 
upon  the  surface  area,  the  exposure  time,  and  the  micrometeoroid  flux  relative  to  the  shield¬ 
ing  effectiveness  of  the  tunnel  wall.  The  radiation  dosage  necessary  to  cause  material  deg¬ 
radation  or  to  endanger  the  welfare  of  the  astronauts  depends  upon  the  radiation  environment 
and  the  exposure  time.  Proton,  alpha  particle,  and  electron  radiation  are  considered. 

2.  Ml  romtleoro'd  Hazard 

a.  General.  The  •nicrometeorold  protection  afforded  by  the  selected  foam  material  is  not 
optimized  (maximum  protection  afforded  versus  weight  of  material,  etc!  since  the  mlcromet^or 
oid  pr  otection  is  only  one  of  numerous  factors  that  determine  the  selection  of  tiw‘  material. 
Therefore,  the  test  program  was  conducted  to  verify  the  fact  that  the  proposed  barrier  concept 
wou'i  provide  adequate  micrometeoroid  protection  for  the  desired  application.  Some  of  the 
hyi»ervek>city  impact  tests  were  conducted  while  this  material  was  being  subjected  to  the  va.  J- 
oas  conditions  that  are  likely  to  be  encountered  in  its  Gemini-  MSS  crew  transfer  tunnel  -^pli¬ 
cation  in  space  T  he  results  of  the  hyperveioclty  impact  tests  conducted  indicate  that  this 
foam  material  wouia  be  adequate  to  ensure  a  probability  greater  than  0.99U  of  no  penetrations 
in  space  for  orbital  missions  of  60  days. 

b.  Microroeteoroid  Environment.  7b..  e  micro  meteoroid  environment  used  in  the  fol¬ 

lowing  hazard  assessment  is  the  standardized  meteoroid  environment  recently  proposed  by  a 
Meteoroid  Specialist!  Subcommittee  tc  the  Aerospace  Research  and  Testing  Committee  of  the 
Aerospace  Industries  Association  (Reference  71  and  ?s  the  environment  shown  tr  & . 

The  yearly  average  sporadic  environ ir  r  ^  v*=  repress  «ied  by  the  following  equation 

(Reference  Er 

log  N  «  -1.34  log  m  -  10.432  '>.1 

where 

as,  particle  mass  '.gram*'  ?  10'  ‘ 

N  *  mater  of  particles  of  taao#  m  or  larger  Tt^-day. 


This  eotriror.meid  is  illustrated  in  Fly  crc  w. 

For  particles  smaller  than  16  g.  a  slightly  differed  expression  would  be  reqaii 


Figure  63.  Near-Earth  Micrometeoroid  Environment 


The  sporadic  environment  is  considered  to  be  omnidirectional;  therefore,  a  vehicle  in  a 
near  earth  orbit  is  partially  shielded  by  the  earth  from  this  environment  at  all  times.  In  ad¬ 
dition  to  the  earth  shielding,  when  impacts  on  only  a  certain  part  of  a  space  vehicle  are  con¬ 
cerned,  specifically  the  crew  transfer  tunnel  attached  to  the  Gemini- MSS  vehicle,  vehicle  in¬ 
terference  may  provide  additional  shielding.  The  interference  factor  is  designated  Sj,  and  the 
earth  shielding  factor  is  Sp.  The  total  shielding  factor  is  then  the  product  of  these  two  and  is 
expressed  as  Sp. 

Sp  =  SES£.  (50) 


There  is  a  noticeable  change  in  sporadic  environment  at  different  times  of  the  year; 
therefore,  for  short-term  missions,  a  factor  K  is  introduced  to  account  fox  differences  be¬ 
tween  the  environment  for  these  missions  and  the  yearly  average  environment.  The  total 
number  of  sporadic  meteoroid  impacts,  Ngp,  for  a  mission  duration  of  t  days  can  be  written 
ae  follows  (Reference  8): 

N’St>  =  SpNKAgT  (51) 
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t^ere 


Ag  *  vehicle  surface  area  exposed  (ft2) 

Sp  =  total  shielding  factor. 

The  shower  meteoroid  flux  density  can  be  represented  by  an  expression  of  the  form  FN, 
where  F  is  the  ratio  of  shower  meteoroids  to  sporadic  meteoroids.  'Hie  shower  meteoroids 
are  considered  to  be  unidirectional;  hence,  in  a  near-earth  orbit,  both  the  earth  tnd  the  ve¬ 
hicle  interim*  ence  itself  act  as  a  periodic  shield. 

The  number  of  shower  meteoroid  impacts  is  dependent  on  the  projected  area  presented 
to  the  meteoroid  shower  stream  as  well  as  the  amount  of  shielding.  The  number  of  shower 
meteoroid  impacis,  N’gg.ean  be  written  as  follows  {Reference  8): 

NSH  *=  SfFAjjNt  (52) 

where 

Ap  ^  projected  area  (ft2). 

The  total  number  of  meteoroid  i  apacn.  is  then 

U  a  Ngjj  +  Ngp.  (53) 

Combining  Equations  51  through  53, 

U  »  SENT(FAp  +  KA>;).  (54) 

For  particles  of  mass  tO'7  g  or  larger,  from  Equation  49, 

N  =■  m’*-3'5  r.  Hr10' 43?  (pr2-day'1).  (55) 

From  Hjuat  tors  54  and  55,  the  total  number  of  meteoroid  impacts  of  particles  of  mass  10“7  g 
or  larger  Is 

U  »  Skt(FAp  +  KAS)  m-1.34  xl0-l0.432  (56) 

For  the  Gemini- MSS  crew  transfer  tunnel,  the  following  values  are  used; 

Ap  »  46.0  ft2  (maximum  projected  area), 

Ag  =  115.0  ft2  (exposed  surface  area), 

F  =  0. 82, 

K  «  !.  73  (maximum), 
r  *  80  days, 

Sj  *  LOO  (conservative), 

85  »  0.70  (for  300-nmi  orbital  height), 

8p  *  SfSjg  »  0, 70. 

Upon  substituting  these  values  into  Equation  53,  the  total  numb»r  of  meteoroid  impacts 
of  particles  of  mase  10" '  g  or  larger  Is 

U  -  S.  54  x  10"7- 432  m-l.S4  (57; 


If  U  is  much  less  than  one,  it  can  be  considered  the  probability  of  impact  of  particles  of  mass 
(0‘  f  g  or  larger. 

The  probability  of  impests.  U,  added  to  the  prc1'Pbi.,u”  no  imparts,  Px  „  q,  tc 
1;  i,  e. 

0  -  1  -  Rx  3  0.  (58; 

Therefore,  from  Equations  57  and  J8, 

1  -  Px  «  o  -  9. 54  x  I0-7- 432  nr  *• 34  (58) 

Since  the  probability  of  no  penetrations  is  to  exceed  0. 985,  Equation  59  indicates  that  the 
barrier  material  must  be  capable  of  stopping  all  particles  for  which  the  probability  of  no  im¬ 
pacts,  Pj.  _  o>  is  less  than  0.995.  Substituting  Px  =  0  =  0-895  in  Equation  59  results  in  a 
critical  mass  ot  6. 12  x  10-4  g,  which  is  the  largest  projectile  the  barrier  material  must  be 
capable  of  stopping  to  ensure  a  0. 995  probability  of  zero  enetrations. 

c.  Micrometeoroid  Penetrations.  The  micromcteoroid  barrier  capability  of  various 
materials  Is  measured  by  comparing  the  resistance  of  these  materials  to  micromcteoroid 
penetration  as  opposed  to  the  resistance  offered  by  a  single  sheet  of  aluminum. 

The  perforation  thickness  of  single-wall  aluminum,  tjj,  can  be  calculated  by  using  the 
following  equation. Reference  8): 

tal  -  2. 18  m1/'3  (60) 


where 


M  =  particle  mass  (grams). 

The  preceding  paragraph  showed  that  a  critical  mass  cf  8. 12  x  10~4  g  must  be  s.opped 
by  the  Gemini- MSS  crew  transfer  tunnel  Carrier  material  ii  the  probability  of  zero  penetra¬ 
tions  is  to  be  0. 995  or  greater.  This  mass  would  require  a  harrier  os  sirglr  e  .eet  aluminum 
with  a  thickness  of 

tai  =  2.18  (8.12  x  10  4)1/3  =  0.2C34  in.  (61) 

Polyurethane  foam  has  teen  shown  b>  company -funded  hypervelocity  impact  tests  (Refer¬ 
ence  9)  to  be  at  least  l1'  times  as  effective  by  we’yht  as  single-sheet  a!  imiru.n.  Therefore, 
the  required  thickness  of  polyurethane  foam  for  this  application  to  achieve  Px  =  0  *  8. 995  for 
a  two- month  mission  is 


tfoaia  =  0.  2034  in.  a!  7^-/^  =-  J-9*>  In.  (62) 

The  material  developed  for  *he  Gemini- MSS  crew  transfe*"  b’nnel  war  therefore  com¬ 
posed  of  a  thin-cioth  bumper  wall  followed  by  2  inches  of  1. 2-pcf  polyether  foam.  Figure  64 
shows  the  probability  of  zero  penetration?  versus  time  for  this  material  when  used  in  the 
Gemini-  MSS  crew  transfer  tunnel  application. 

A  hyperveiocity  particle  upon  striking  the  bumper  wall  is  chattered.  From  tests  cor.  Jacted  on 
thir  program  as  well  as  on  other  programs,  It  has  been  shown  thai  projectiles  of  glass  0/  plastic 
at  velocities  in  excess  of  20,000  ips  are  very  easily  shattered.  In  fact,  they  shatter  co  easily  that 
the  bumper  wall  can  be  omitted  and  the  low-density  barrier  material  wJl  adequately  shatter  the 
particles.  Higher  velocity  particles  (in  excess  of  30,090  fps)  should  be  shattered  even  nv're  jfiec- 
tively;  therefore,  it  is  felt  that  the  bumper  wall  would  have  little  significance  i*\  this  protection  con¬ 
cept  at  very  high  velocities.  The  bumper  wall  becomes  more  and  more  cH«cal  as  the  velocity  i? 


0  20  40  60  80  100  120 

TIME  (DAYS) 

Figure  64.  Probability  of  Zero  Penetration  for  Tunnel  Barrier  Material 


lowered.  From  other  test  programs,  expecially  Contract  NAS  8-11747,  GAC  has  shown  that 
a  bumper  wall  that  is  more  than  adequate  at  20, 000  fps  may  not  adequately  shatter  the  projec¬ 
tiles  for  velocities  of  13,000  to  16,  COO  fps.  Therefore,  the  choice  of  bumper  wall  becomes 
critical  at  low  velocities.  The  probability  of  collision  with  a  slow  particle  is  rery  slight  and 
therefore  is  neglected. 

The  barrier  has  to  be  a  low- density  material  and  of  such  a  nature  that  the  pieces  of  the 
shattered  projectile  can  spread  transversely  to  the  direction  of  penetration.  The  penetration 
effects  in  the  harrier  as  a  function  of  mass  and  velocity  of  the  projectile  are  affected  so 
strongly  by  changing  bumper  wall  effects  as  these  parameters  are  varied  that  it  is  very  dif¬ 
ficult  to  analyze  how  barrier  damage  changes  with  these  parameters. 

The  data  that  GAC  has  from  this  program  and  from  other  programs  indicates  that  no 
change  in  barrier  damage  can  be  noted  In  the  velocity  range  of  20, 000  to  30,  Q0C  fps.  Veloci¬ 
ties  above  30, 000  fps  cannot  be  consistently  obtained;  therefore,  at  the  present  time  very 
little  can  be  said  about  the  velocity  dependence  of  the  barrier  damage  experienced. 

d.  Hypervelocity  Impact  Test  Program 

(1)  General.  The  test  program  was  conducted  to  verify  that  the  material  proposed  by 
GAC  for  the  Gemini-  MSS  crew  transfer  tunnel  would  be  an  adequate  micrometeoroid  barrier 
so  that  a  probability  of  no  penetrations  of  0.905,  using  the  best  available  estimate  of  the  space 
environment,  could  be  assured. 

The  calculation  In  paragraph  "b"  shows  that  to  assure  this  0.995  probability  of  no  pene¬ 
trations,  the  material  must  show  a  capability  of  stopping  particles  of  mass  8. 12  x  10~*  g  or 
larger.  The  test  program  was  carried  out  using  projectiles  of  mass  of  approximately  5  x  10~3 
and  maximum  obtainable  velocities  of  25, 000  to  SO,  000  fps. 
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(2)  Test  Faculties.  The  r.yperveiocity  Impact  tests  for  this  program  were  conducted  at 
the  Air  Force  Materials  Laboratory  (AFML),  Wrighi-Fattei  sjn  Air  Force  Base,  Dayton,  Ohio. 

The  AFML  hypervelocity  facility  consists  of  an  electronically  triggered,  high-energy 
storage  system  together  with  high-speed  streak  and  framing  photographic  instrumentation  for 
measuring  particle  velocity,  size,  shape,  and  momentum.  Electronic  instrumentation  is  pro¬ 
vided  for  measuring  capacitor  bank  discharge  characteristics  and  the  energy  input  to  the  ex- 
ploding-foil  gun. 

Essentially,  the  gun  consists  of  an  electrically  exploded  thin  foil  contained  in  a  solid 
plasti  breech,  using  a  plastic  tube  as  a  barrel,  A  schematic  diagram  of  one  arrangement  of 
an  early  “xperimental  gun  is  shown  in  Figure  65. 

The  electrical  explosion  is  separated  from  the  gun  barrel  and  vacuum  chamber  by  a 
Mylar  diaphragm  (rupture  disk)  that  confines  the  explosion  for  a  short  time  interval  during 
which  the  foil  melts,  vaporizes,  and  begins  to  expand.  In  approximately  2  usee  the  diaphragm 
raptures,  forming  a  disk-shaped  particle.  During  this  time,  energy  is  deposited  at  a  very- 
high  r'te  in  the  propellant  uas  or  plasma,  whir”  expands  behind  the  particle,  propelling  it 
down  the  accelerator  tube  into  an  evacuated  target  chamber.  With  proper  coupling,  the  par¬ 
ticle  is  accelerated  to  meteoric  velocities. 

Since  the  gun  completely  disintegrates  when  it  is  fired,  a  special  room  houses  the  evacu¬ 
ated  gun  chamber  ar.d  e-tpiodine-foil  gun  to  protect  equipment  and  operating  personnel.  Also 
provided  is  an  air-conditioned  area  containing  a  shielded  control  room,  a  dark  room,  and  a 
data  analysis  area. 

The  entire  experimental  area  is  covered  with  a  ground  plane  of  0.005-inch  thick  copper 
foil  soldered  into  a  continuous  sheet  and  connected  to  ground  by  eight  copper  rods  driven  into 
the  earth.  The  copper  sheet  is  covered  with  a  protective  layer  of  vinyl  asbestos  tile. 

A  camera  using  a  double-pulsed  Kerr  cell  electro-optical  shutter  for  taking  two  frames 
superimposed  on  the  same  film  was  developed  for  obtaining  high- resolution  photographs  of  the 
particle  in  flight.  The  interframe  time,  which  is  v^ry  accurately  known,  and  the  distance 
traveled  between  frames  as  measured  on  the  film  with  the  uiicroprojector  provide  the  neces¬ 
sary  data  for  precise  calculation  of  particle  velocity. 

A  schematic  diagram  of  the  nigh-vohage  double-pulse  generator  used  for  actuating  the 
Kerr  cell  shutter  and  the  double-pulsed  backlighting  source  are  shown  in  Figure  66.  Figure 
67  shows  two  films  taken  with  this  Kerr  ceil  arrangement.  Each  film  contains  two  super¬ 
imposed  pictures  of  the  same  projectiles  at  slightly  different  times.  The  velocity  can  be  de¬ 
termined  from  the  distance  traveled  in  this  time  interval. 

The  projectiles  that  were  chosen  to  be  fired  in  this  test  program  were  Mylar  disks. 

The  projectile  velocities  ranged  from  20.00C  to  30,000  fps.  The  mass  of  the  projectiles  upon 
impact  were  4. 8l(±1.38)  x  10*3  g,  which  was  determined  by  firing  a  large  number  of  these 
projectiles  into  lead  targets  and  measuring  the  depth  of  penetration. 

The  AFML  facilities  were  modified  so  that  stressed  specimens  could  be  used  as  pro-  - 
jectile  targets.  The  apparatus  that  GAC  constructed  to  lit  the  AFML  facility  is  shown  in 
Figures  68,  69.  and  70. 

*' 

(3)  Test  Results.  The  tests  that  were  conducted  to  verify  the  rmcrometeorold  pro¬ 
tection  capability  of  the  proposed  barrier  material  can  be  placed  into  three  distinct  categories 
as  follows: 

(a)  Seven  tests  were  conducted  in  which  the  composite  wall  specimens  were  left  at  their 
full  natural  thickness  of  2  inches  and  no  stress  was  applied  to  the  structural  layer  of 
the  wall.  The  results  of  tnese  tests,  shown  in  Figures  71,  72.  and  73,  indicate  tfcsi 
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Figure  85.  Schematic  Diagram  of  Early  Exploding-  Foil  Gun 
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Figure  CC.  Schematic  Diagram  of  Electrical  Circuit  for  Double- Pulee 
Generator  and  Backlighting  Source 


Figure  €?.  Projectile  Film* 


Figure  68.  Test  Fixture 
Stressing  Frame 


Figure  71.  Hypervelocity  Impact  Test  Specimens 


Figure  72.  Typical  Particle  Entry  Effects 


Figure  73.  Typical  Micrometeoroid  Barrier  Effects 
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Figure  74.  Stressed  Specimens 


Figure  75.  specimen  Comparison  with  Bumper  WaJ!  Removed 


even  tliough  the  projectile  velocities  varied  from  25  000  to  29,000  fps,with  an  aver¬ 
age  of  27,000  fps,  and  the  projectile  masses  varied  considerably  as  explained 
earlier,  the  impact  effects  on  the  bumper  and  barrier  materials  were  nearly  iden¬ 
tical  in  all  cases.  Typical  results  were  the  penetration  of  ail  the  foam  with  abso¬ 
lutely  no  damage  to  the  structural  la>cr  of  the  composite  wail  specimens.  It  should 
be  noted  that  the  nominal  density  of  the  polyether  ioam  is  1. 2  pcf,  but  the  actual 
density  of  the  foam  received  by  GAC  and  used  for  the  specimens  is  1.0  pcf. 

The  second  category  of  tests  conducted  v  ere  th?  .*■  in  which  a  stress  was  applied  to 
thestructurallayerofthe  composite  wail  spec  imenr  Thu  stress  applied  wasequiva- 
lent  to  a  tunnel  design  pressure  stress  obtained  Hv  an  .a  'iation  pressure  of  7.  5  psl.  A 
strain  was  applied  to  the  specimens  equivalent  to  th."  mi  >r lal  strain  at  20  percent  of  the 
breaking  strength.  Six  specie  “  a  bumper  walls  and  one  specimen  with  the  bumper 
wall  removed  were  stressed  "parted.  The  res'  itson  all  seventests,  shown  in 

Figures  74  arri  75,  were  very  s  the  resul  sof  the  tes’*  conducted  on  theunstressed 


specimens.  The  foam  barrier  was  again  penetrated,  but  there  *«s  absolutely  no 
damage  to  the  stressed  structural  layer.  The  specimen  with  the  (jumper  wall  re¬ 
moved  showed  barrier  penetration  similar  to  the  specimens  with  (jumper  walls.  If 
it  were  not  necessary  for  other  purposes,  it  is  questionable  whether  or  not  the 
bumper  wall  would  be  necessary  from  a  micrometeoroid  protection  standpoint. 

The  comparison  between  specimens  with  and  without  bumper  walls  is  shown  in 
Figure  75.  The  middle  specimen  show « the  foam  barrier  adjacent  to  the  structural 
layer.  The  structural  layer  shows  discoloration  from  the  test  debris,  but  absolute¬ 
ly  no  damage  to  the  threads  of  the  structural  cloth  is  indicated. 

(c)  All  the  te^ts  in  the  first  two  categories  were  conducted  on  specimens  at  their  full 
natural  thickness  of  2  inches.  In  actual  application,  due  to  bending  and  folding, 
there  is  a  good  chance  that  the  material  may  be  slightly  thinner  than  3  inches  at 
some  points.  Tests  were  conducted  in  which  the  thickness  of  unstressed  specimens 
was  varied  to  determine  the  ballistic  limit  of  the  material.  The  ballistic  limit  of 
the  material  was  found  to  be  1,  50  inches,  wnen  eHher  foam  was  removed  or  the 
specimen  was  compressed  to  obtain  this  thickness.  Specimens  that  ns d  a  thickness 
of  1.25  inches  had  consistent  damage  and/or  penetration  of  the  structural  Saver. 
Specimens  that  were  !.  50  inches  thick  were  never  completely  penetrated,  although 
damage  occurred. 

Figure  76  shows  unstressed  specimens  compressed  to  1  inch  with  a  small  perpetra¬ 
tion  and  to  0.  5  inch  with  major  penetration.  Figure  77  shows  unstressed  specimens 
1.25,  1.5,  and  1.75  incites  thick  respectively.  The  1.25-inch  specimeji  e'  ibits 
structural  damage  but  no  penetration.  The  1.  5-  and  1.  75- inch  specimens  exhibit 
no  damage. 

Tests  were  then  conducted  on  1. 5- inch  thick  specimens  in  which  varying  stresses 
were  applied  to  the  structural  layer.  Damage  with  near  penetration  resulted  in 
some  cases,  but  In  no  case  did  complete  penetration  occur,  and  in  r«o  case  did  any 
tearing  of  the  structural  layer  result,  eve  when  a  stress  ^quivalert  to  40  percent 
of  the  layer  breaking  strength  was  applied. 

To  determine  the  effects  of  complete  penetration  on  a  stressed  layer,  a  12-inch  dia¬ 
meter  cydnder  was  fabricated  with  only  a  pressure  bladder  and  a  single-piy  struc¬ 
tural  layer.  To  apply  a  stress  in  (he  structural  layer  equivalent  ft  the  tunnel  struc¬ 
tural  layer  design  stress,  the  cylinder  was  pressurized  to  8  psl.  While  pressurized, 
the  cylinder  was  penetrated  by  a  .  22  caliber  rifle  bullet  at  a  velocity  of  1365  fps,  so 
that  the  bullet  entered  on  one  side  and  exited  on  the  other  side  at  a  point  almost  dia¬ 
metrically  opposite  the  er.trv  point.  There  was  no  explosive  decompression  or  tear¬ 
ing.  T  only  damage  to  the  structural  layer  was  the  cutting  of  the  Individual  cloth 
threads  in  an  area  approximately  equivalent  to  tb*  area  of  the  bullet.  This  test  in¬ 
dicates  that  the  only  damage  to  be  expected  from  a  penetration  is  a  holt  roughly  the 
sire  of  the  penetrating  particle. 

e.  Conclusions.  The  material  proposed  by  GAC  for  the  Gemini- MSS  crew  transfer  tunnel 
is  an  aSequae  micro  meteoroid  barrier  to  assure  a  probability  of  no  penetrations  of  at  least 
0.  995  during  a  2- month  mission  using  the  environment  given  in  Reference  8.  The  hyperveloc¬ 
ity  particle  Impact  U  s-«  conducted  at  AFML  shewed  that  the  material  was  capable  of  stopping 
particles  in  the  mass  range  of  4.  MUI.38)  x  10*’  g  (3.  5  to  8.0  g)  with  velocities  ranging  from 
20, 000  to  30, 000  fps.  The  average  •*»  velocity  waa  27. 000  fps  The  following  formula,  ob¬ 
tained  in  Equation  59,  can  be  used  to  ca.  -  late  the  probability  of  tero  penetrations,  using  the 
largest  mass  projectiles  that  impacted  (6  ^  d  were  stopped  by  the  material  during  the  tests. 

P,l  0  -  1  -  9.54  x  10  7  435  x  m1-34. 
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Ucing  m  *  6  x  10' 3  g  for  the  particle  mass,  the  probability  of  aero  penetrations  is 


n 


Px  *  0  *  0.W87. 

Teats  conducted  by  AFML  indicate  that  the  projectiles  that  were  stopped  by  the  GAC 
barrier  material  would  penetrate  a  3/16-inch  sheet  erf  aluminum  but  would  rot  penetrate  a  1/4- 
inch  aluminum  plate.  Using  the  3/16-  inch  plate  lor  comparison,  the  loam  has  an  efficiency 
on  a  weight  per  unit  area  basis  of  at  least  16  times  that  of  single-sheet  aluminum:  i.r. ,  a 
sheet  of  aluminum  having  the  same  barrier  capability  would  weigh  16  times  as  much  as  the 
foam. 


The  tests  ti,at  were  conducted  at  the  ballistic  limit  tf  the  ha  -rier  material  on  specimens 
with  a  stressed  structural  layer  Indicate  that  the  structural  material  when  penetrated  does  not 
exhibit  any  tearing  twuaencies. 

3.  Radiation  Hazard 


•  « 


I  -1 


-  1 


a.  Space  Radiation  Environment.  The  orbit  of  the  Gemini-  MgS  vehicle  has  yet  to  be  de¬ 
fined;  therefore,  it  necessary  to  consider  the  radiation  environment  of  all  vossib'.e  near- 
earth  orbits  (100  to  390  nmi)  that  could  bet  ed.  A  space  vehicle  can  encounter  high  energy 
proton,  electron,  and  alpha  particle  radiation,  dependi.ig  on  its  orbit.  The  major  sources  of 
proton  and  alpha  parUcle  radiation  are  solar  flares  and  the  Van  Allen  belts.  At  low  latitudes, 
near-earth  orbits  are  shielded  by  the  earth's  magnet1  c  field;  however,  at  the  high  latitudes, 
the  magnetic  field  lines  bend  into  the  earth,  and  therefore  both  Van  Allen  belt  radiation  and 
soiar  flare  radiation  can  e,v*end  down  to  a  much  lower  altitude  tn  these  regions.  This  effect 
is  discussed  in  References  10  and  11.  The  effect  that  the  earth's  magnetic  field  would  have  on 
the  dliectional  characteristics,  shielding  effects,  etc  in  the  high  latitude  regions  would  be  very 
difficult.  If  not  impossible,  to  obtain.  Therefore,  the  assumption  is  made  that  at  latitudes  be¬ 
low  60  degrees,  nc  high  energy  protons  or  alpha  particles  get  through  the  earth's  magnetic 
field,  and  at  latitudes  above  60  degrees,  no  rolar  flare  protons  or  alpha  particles  are  stopped 
by  the  earth's  magnetic  field.  In  a  polar  orbit  a  vehicle  would  be  subject  to  proton  and  alpha 
particle  bombardment  for  approximately  he  if  c-f  the  orbit,  which  would  be  divided  into  two 
periods  of  approximately  22  minutes  of  radiation  and  two  periods  of  approximately  22  minutes 
of  no  radiation,  while  no  proton  cr  alphc  particle  radial  ic  would  be  encountered  in  orbits  that 
did  not  extend  above  the  60-degree  latitude.  The  Gemi.ii-  MSS  crew  transfer  tunnel  is  to  be  used 
only  to  transfer  ast-onauts.  and  it  ;s  felt  that  this  transfer  could  take  plar"  during  periods  of 
no  radiation  if  the  radiation  level  were  excessive.  Hence  no  consideration  is  given  to  the  pro¬ 
ton  or  alpha  particle  radiation  dosage  an  astronaut  inside  the  uianei  might  recieve,  but  only 
the  radiation  dosage  received  by  the  tunnel  wall  itself  Is  considered. 


The  probability  ^er  da.,.  P.  of  havi  '  a  solar  flare  w  th  a  total  flux  of  protons  larger 
than  N  is  given  by  the  following  equation  f  *ee  Reference  !£): 

P[Nl  =•  0.0022  (10  -  logl0  Nl  <631 

where 

N  the  total  solar  flare  event  number  of  protons  with  energy  above  30  mev .  5  10s® 
pro*  on  a  cm^. 

This  is  shown  in.  Figure  7i>. 

For  am  miss'-  duration,  the  probability.  P^.  erf  encountering  a  solar  fla r»  with  a  total 
flux  erf  protons  larges  than  S  is  given  by 


Pr[N]  *  0.0022  (SO  -  logjQ  N)r 


where 


T  is  the  mission  duration  (days). 


‘  -  a*-  "  - 


n  mo  rows /cm* 


*§agf; 


N  i  10*°  protons/cm2. 

This  is  shown  in  Figure  79,  which  is  taken  from  Reference  13.  The  mission  duration  ie 
to  be  80  days,  and  the  probability  of  encountering  any  event  during  this  mission,  Pm  [Kj  > 
would  be,  using  r  -  80  day*  in  Equation  64, 

PM  [N]  *  0. 1320  (10  -  logiQ  N) 

where 

N  5  10*®  protons/cm2.  (65) 

This  expression  shows  that  small  solar  flares  occur  much  more  frequently  than  large 
solar  flares.  By  using  this  expression  or  Figure  79,  it  is  possible  to  shew  that  the  probability 
of  not  '•ecetving  a  total  flux  greater  than  10™  protons/cm2  from  all  sized  solar  flare*  is 
greater  than  0. 990. 

The  spectrum  for  alpha  particles  and  protons,  which  a  space  vehicle  can  be  expected  to 
encounter  in  a  near-earth  polar  orbit  as  a  result  of  one  complete  IS*®  total  flux  solar  flare, 
can  be  written  in  the  following  form  (see  Reference  12): 

N  [>R]  =  6  x  1010  e-H/80  (66) 

where 

N  [>  r]  =  the  number  of  isotropic  particles/'cm2  -=with  magnetic  rigidity  >  R, 

R  =-^r~  .  particle  rigidity  (million  vests),  (07) 

where 

p  =  particle  momentum  (: nev-sec/cn-), 
c  =  velocity  of  light  (cm /sec), 

Ze  =  the  nuclear  enarge  of  the  particle  (electron  chargee). 

Equation  66  is  illustrated  graphically  in  Figure  SO. 

Relativistic  expressions  can  be  used  to  obtain  magnetic  lijrfdity.  R,  as  a  function  of 
kinetic  energy. 

T2  =  p2c2  +  rr<o2c4  (68) 

where 

T  =  E  +  mge2  (mev), 
where 

E  -  kinetic  energy  (mev), 
mg  =  particle  rest  mass  (g), 
mpe2  -  rest  energy  (mev). 
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Figure  80,  Flux  of  Protons  and  Alpha  Particles  with  Rigidity  >  R  from  Model  Solar 
Flare  for  a  300- NMi  Altitude  Earth  Orbit 
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Figure  91  Flux  versus  Energy  of  Proton  and  Alpha  Particle 
Radiation  for  a  300- NMI  Altitude  Earth  Orbit 


From  Equation  88,  the  rigidity  is 


^***W*W,»_  . 


pc  J  T2  -  m02  c4 
if? - z? - 

Substituting  T  *  E  +  mg  into  Equation  63  gives 

pc  J(E  +  m0c2^  -  m02  °4  Je2  +  2Em0  c2 
Z?  E  Z«  =  Z< 


(89) 


(70) 


Using  this  rigidity-energy  relationship,  fluxes  of  protons  <md  alpha  particles  with  energy 
greater  than  E  for  a  300  nautical  mile  orbit,  N[>E]  300  nmj ,  may  be  obtained  from  Equation 
•"C  for  fluxes  with  magnetic  rigidity  greater  than  R,  N  [>RJ300  nmi-  The  Uux  versus  energy 
relationship  is  shown  in  Figure  81. 


b.  Proton  and  Alpha  Particle  Radiation  Damage  Effects.  The  radiation  damage  to  a  ma¬ 
terial  iiTmeasured  in  terms  of  the  amount  of  energy  absorbed  from  incident  radiation  per  unit 
weight  of  absorbing  material.  The  most  commonly  used  unit  is  the  rad,  which  is  the  amount 
of  incident  radiation  on  any  material  necessary  to  cause  that  material  to  absorb  100  ergs  of 
energy  for  each  gram  of  material  present.  The  energy  absorbed  in  rads  by  a  material  due 
to  both  protons  and  alpha  particles  from  a  single  solar  flare  having  a  total  flux  of  10*0 
particles/cm2  is  calculated  oy  numerically  integrating  the  relationship  (see  Reference  14) 


AD 

where 

AD 


AN  (E  -  E') _ 

rj?  (6.25  x  107  mev/g-rafl) 


(71) 


the  energy  absorbed  per  unit  mass  of  the  material  from  AN  particles  (rads). 


AN  =  (dN/dE)  2AE*N[E  +  aeI-  n[E  -  AE],  the  number  of  particles/cm2  from  a 

single  10l0  particles/cm2  total  flux  solar  flare  with  incident  energy  in  the  energy 
range  of  E  +  AE  to  E  -  AE, 


where 


AE 


=  the  energy  increment  small  enough  for  the  derivative  dN/dE  to  be  replaced  by 


N[E  +  AE]  -  N  [E  -  AE] 
2AE 


and  maintain  the  desired  calculation  accuracy  (mev). 


N[E  +  AE] 


the  number  of  particles/cm2  from  a  single  10*®  particles/cm2  total 
flux  solar  flare  with  energy  greater  than  E  +  AE, 


N[E  -  AE] 


the  number  of  particles/cm2  from  a  single  101®  particles/cm2  total 
flux  solar  flare  with  energy  greater  than  E  -  AE. 


and  where 

E  =  average  incident  energy  of  particles  in  the  range  of  E  +  AE  to  E  -  AE  (me\), 

E  *  average  energy  *ith  which  the  particles  leave  after  they  have  penetrated  the 
material  (mev), 

r£  =  average  range  of  particles  for  energy  E  (g/cm2). 

A  plot  of  proton  range  ir.  water  v-rrus  proto*'  ereny  is  given  in  Figure  82,  and  a  plot  of 
alpha  particle  range  in  wat*-  -  versus  alpha  particle  energy  is  given  in  Figure  83.  These  curves 
are  from  Reference  15.  The  material  used  in  the  Gemini-  MSS  crew  transfer  tunnel  has  an 
areal  density  of  about  0. 34  g/cm2. 
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Using  the  above  relationship,  Equation  71,  in  conjunction  with  Figures  81,  82,  and  83, 
it  is  possible  to  obtain  the  radiation  dose  received  by  the  tunnel  material.  The  calculations 
are  shown  in  Tables  VII  and  VUI. 


The  maximum  high  energy  proton  and  alpha  particle  radiation  dose  received  by  any  part 
of  the  tunnel  wall  is  the  sum  of  the  total  dosage  given  in  Tables  VII  and  vm, which  is  about  2  x 
105  rads  for  a  10*0  particles/cm2  total  flux  (i.  e. ,  time  integrated  flux)  solar  flare.  The 
largest  portion  of  this  radiation  is  due  to  relatively  low  energy  alpha  particles  that  are  ab¬ 
sorbed  by  the  thin  outer  fabric  layer  containing  the  thermal  coating  (areal  density  2. 3  x  10-2 
g/cm2).  All  radiation  with  a  range  less  than  2.  3  x  10‘2  g/cm2  will  be  absorbed  by  the  outer 
layer  fabric,  which  can  be  seen  from  Tables  VH  and  vm  to  include  all  particles  with  energy 
less  than  20  mev.  The  maximum  radiation  dose  received  by  any  of  the  material  inside  the 
outer  fabric  layer  is  the  sum  of  all  the  dosages  associated  with  particle  energies  above  20  mev. 

The  summation  of  these  terms  from  Tables  VII  and  vm  yields  a  number  less  than  2  x 
10^  rads  for  the  maximum  dose  received  by  any  of  the  foam  or  structural  wall  materials.  GAC 
has  conducted  tests  and  shown  that  no  measurable  damage  occurs  to  plastic-type  materials 
subjected  to  radiation  dosages  in  excess  of  10®  rads.  Other  data,  Reference  11,  indicates  that 
no  significant  damage  would  occur  to  material  similar  to  that  used  on  the  tunnel  with  dosages 
of  10°  rads.  Therefore,  one  can  confidently  say  that  no  damage  would  result  to  the  tunnel 
material  due  to  proton  and  alpha  particle  radiation  regardless  of  which  near-earth  orbit  was 
chosen. 


c.  Electron  Radiation.  In  addition  to  the  proton  and  alpha  particle  radiation,  which  would 
only  be  encountered  In  polar  orbits,  the  Gemini-  MSS  vehicle  would  be  subjected  to  electron 
radiation  in  any  near-earth  orbit.  The  electron  radiation  environment  encountered  varies 
somewhat  with  orbit;  however,  from  data  given  in  Reference  16,  as  can  be  seen  in  Figure  84, 
a  conservative  estimate  would  be  a  flux  of  10'  electrons/cm2- sec  with  energies  above  40  kev  for 
any  near-earth  orbit.  The  range  of  electrons  in  aluminum  (which  does  not  vary  more  than  a 
factor  of  2  for  other  materials)  in  g/cm2  is  given  by  the  following  expression  (see  Reference 
14): 


re  =  0.407  Eg1-38 


(72) 


where 


Ee  <  0. 8  mev. 

For  the  electron  energy  spectrum  that  is  being  considered,  it  can  be  seer,  that  the  elec¬ 
trons  have  a  very  small  range.  Therefore,  most  of  these  electrons  would  be  absorbed  in  the 
outer  fabric  layer,  which  has  an  areal  density  of  approximately  2.3  x  10-2  g/cm2.  The  num¬ 
ber  of  particles  with  energies  =  40  kev  drops  off  very  rapidly,  and  therefore  the  assumption 
is  made  that  the  average  particle  encountered  has  an  energy  of  about  50  kev.  The  following 
expression  can  be  used  to  calculate  the  radiation  dose  (in  rads)  due  to  electrons: 


radiation  dose  = 


incident  flux  x  mission  time  x  energy  per  particle 
areal  density  x  6. 25  x  10^  mev/g  rad 


(73) 


Substituting  the  appropriate  values  for  the  Gemini- mSS  crew  transfer  tunnel  mission  into 
Equation  73  gives 


radiation  dose 


8.64  x  10**  electrons/cm2-day  x  60  days  x  50  x  10~3  mev 
2.3x10"  g/cm  x  6.25x10  mev/g  rad 


=  1. 8  x  10®  rads. 


Even  this  radiation  dose  would  prove  to  be  no  hazard  to  the  tunnel  material,  and  this 
number  is  very  conservative. 
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Table  VH.  Proton  Radiation  Dose  Received  by  Gemini-  MSS  Crew  Transfer 
Tunnel  from  a  10*0  Particles/Cm^  Total  Flux  Solar  Flare 


E 

*^309  nml 

AN 

E 

rE  , 

rE'b 

e' 

FBI 

AD* 

(mev) 

(particles/cra2) 

(p*rtlcles/cma) 

(partlclea/cm2) 

(mev) 

(g/cm2) 

(g/cm2) 

(mev) 

(mev) 

(rad>) 

500 

9.0  x  104 

2.8  x  107 

1.4  x  107 

235 

33.0 

32.66 

233.7 

1.3 

0.0176 

200 

2.8  x  107 

1.  8  x  108 

3.0  x  108 

1 2 1 

10.7 

10.  36 

118.5 

2.5 

1. 121 

100 

3.3  x  108 

1. 0  x  109 

1.7  x  10® 

1.4  x  109 

64.6 

3.45 

3. 11 

60.8 

3.8 

24.700 

50 

3.0  x  109 

4.3  x  109 

2.6  x  109 

37.2 

1.26 

0.92 

31.0 

6.2 

200.00 

30 

6.  15  x  109 

3.7  x  I09 

23.4 

0.  55 

0.21 

14.0 

9.4 

1010.00 

8.0  x  109 

2.0  x  109 

9.0  x  109 

1.0  x  1011 

17.  5 

0.32 

; 

-- 

17.5 

1750.00 

17 

t  »  1010 

£  -  2985 

*{I  =  average  N  [>E]  ,  the  number  of  particles/cm2  with  incident  energy  greater  than  IT. 

krE'  =  rr  -  t',  average  range  of  particles  for  energy  E'  (g/cm2)  where  t,  material  thickness  (area!  density),  = 
0754  g/cm2  for  the  tunnel  composite  wall. 

AN(P-E')  ,  ..  .. 

*AD  = - -^~TZ 7 rf — - —  rads  (see  Equation  71). 

rg  (6. 25x10'  mev/g-rad) 


Table  VUI.  Alpha  Particle  Radiation  Dose  Received  by  Gemini-  MSS  Crew  Transfer 
Tunnel  from  a  10^0  Particles/Cm^  Total  Flux  Solar  Flare 


E 

(mev) 

N  L>e03OO  nml 
(particles/cm2) 

AN 

(partic!es/cm2) 

N* 

(particles/cm2) 

E 

(mev) 

rE 

(g/cm2) 

m 

» 

E 

(mev) 

E  -  E' 
(mev) 

AD* 

(rads) 

500 

1.4 

1.  3  x  104 

6.  5  x  103 

218 

3.  C 

2.66 

212 

6.0 

0.0004 

200 

1.3  x  I04 

1.5x10® 

7. 5  x  105 

1.5  x  106 

112 

0.8 

0.46 

82 

30.0 

0.822 

100 

1.92  x  107 

3. 55  x  107 

59.  0 

0.  24 

0 

59.0 

140.0 

50 

3.7  x  107 

1.63  x  108 

1.  19  x  10® 

3e.  4 

0.  11 

_ 

0 

36.4 

865.0 

30 

2  x  108 

4.  5  x  10® 

6.  5  x  108 

4.  25  x  108 

23.4 

0.047 

_  _ 

0 

23.4 

3580 

20 

1.  15  x  109 

1.22  x  10® 

1.8  x  109 

14.7 

0.017 

-- 

0 

14.7 

15.970 

10 

4.  9  x  109 

8  x  109 

6.  2  x  109 

7.08 

0. 0042 

_ 

0 

7.08 

97.500 

5 

2.0  x  10® 

9.0  x  in9 

4.  37 

0. 0020 

«.  _ 

0 

4.37 

70.000 

3.98 

1.0  x  1010 

t  -  1010 

Z  «  188.000 

•N  *  average  N  [>E]  ,  the  number  of  partlcles/cm2  with  incident  energy  greater  than  E. 


krE'  *  rg-  t',  average  range  of  particles  for  energy  E'  (g/cm2)  where  t’,  material  thickness  (areal  density),  « 
0754  g/cm2  for  the  tunnel  composite  wall. 

*  =  rg(6  25  x^lO^mev/g-rad)  rads  (see  E9uai,on  71>- 
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Figure  84. 

! 

1 


Flux  of  Electrons  with  Energy  Greater  Than  40  KeV 
Trapped  in  the  Earth's  Magnetic  Field 


It  was  shown  earlier  that  most  of  the  electrons  would  be  absorbed  in  the  outer  layer  of 
fabric.  The  rest  of  the  electrons  would  be  abscrbed  by  the  wall  material,  and  virtually  no 
electron  radiation  would  get  through  the  tunnel  wall  to  bombard  astronauts  in  the  tunnel. 

d.  Conclusions.  The  Gemini- MSS  crew  transfer  tunnel  will  be  subjected  to  electron  radi¬ 
ation  in  any  near-earth  orbit  and  to  high  energy  proton  and  alpha  particle  radiation  for  approx¬ 
imately  half  the  time  in  a  polar  orbit.  Since  it  is  felt  that  astronaut  trancfei  could  take  place 
during  periods  of  no  radiation  during  a  polar  orbit,  no  consideration  is  given  to  the  proton  and 
alpha  particle  radiation  dosage  an  astronaut  inside  the  tunnel  might  receive. 

The  maximum  high  energy  proton  and  alpha  particle  radiation  dose  received  by  any  part 
of  the  tunnel  wall  is  2  x  10*  rads  for  a  101*  partlcl  *s/cm*  total  flux  solar  flare,  most  of  which 
Is  absorbed  by  the  outer  cover  of  the  tunnel  wall,  which  supports  the  thermal  coating.  Only 
particles  with  energies  above  20  mev  will  penetrate  the  outer  cover,  and  the  radiation  dose 
received  by  the  foam  barrier  and  structural  layer  of  the  tunnel  wall  Is  less  than  2  s  10*  rads 

A  very  conservative  value  for  the  electron  radiation  dose  is  less  than  2  x  10*  rads,  most 
of  which  is  absorbed  by  the  cuter  cover.  The  remainder  Is  mostly  absorbed  by  the  inner 
layers  of  the  tunnel  wall,  ar=d  virtually  no  electron  radiation  will  penetrate  to  the  tunnel  in¬ 
terior.  I 

State  test  data  indicates  that  the  tunnel  wall  matei  lal  can  withstand  radiation  dosages  of 
10*  rads  with  no  measurable  damage,  the  radiation  dose  received  by  the  tunnel  presents  no 
problem  with  regard  to  damage  to  the  tunnel  materials. 
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E.  MATERIALS  SELECTION 


1.  General 

A  composite  material  structure  was  selected  as  the  best  approach  *o  meet  the  overall 
requirements  of  the  transfer  tunnel  design.  This  composite  structure  was  developed  on 
In-house,  company -funded  development  programs.  The  results  of  the  development  programs 
that  are  applicable  to  this  contract  effort  are  discussed  in  this  subsection.  Figure  85  depicts 
the  composite,  which  comprises  four  distinct  layers  bonded  into  a  homogenous  structure.  The 
inner  layer,  an  unstressed  pressure  bladder,  maintains  pressure  tightness  and  transmits 
pressure  loads  to  an  adjacent  structural  layer.  The  structural  layer  carries  structural  loads 
resulting  from  internal  pressure.  The  flexible  foam  layer  act  a  as  a  micrometeor  >id  barrier, 
protecting  the  pressure  bladder  from  penetration.  The  outer  cover  performs  a  dual  function. 

It  is  used  as  a  smooth  base  for  the  application  of  a  thermal  coating,  and  it  encapsulates  the 
total  composite  for  evacuation  and  compression  prior  to  packaging  for  launch. 

2.  Composite  Wall  Description 

a.  Pressure  Bladder.  The  pressure  bladder  is  a  laminate  of  three  individual  sealant  layers 
(see  Figure  86).  The  inner  layer  is  a  laminate  of  Capran  film  (Allied  Chemical  Type  77-C) 
bonded  with  polyester  adhesive  (Schjeldahl  Type  GT-201)  between  two  layers  of  lightweight  ny¬ 
lon  cloth  (Travis  J^yle  5096).  This  layer  is  bonded  with  polyester  adhesive  (Goodyear  PE-207) 
to  a  second  layer  of  closed-cell  polyvinyl  chloride  foam  0.070  inch  thick  (Great  American  In¬ 
dustries  Rubatex  R-313- V).  The  outer  sealant  is  a  close- weave  nylon  cloth  (Burlington  Style 
1632)  coated  with  a  polyester  resin  (Goodyear  PE-207).  Qualification  testing  of  the  pressure 
bladder  components  demonstrated  the  haste  material  to  be  suitable  for  the  design  requirements. 
Tests  were  conducted  on  the  pressure  bladder  to  determine  permeability  rate,  possible  toxicity, 
abrasion  characteristics  with  respect  to  the  astronaut’s  space  suit,  and  weight  loss  and  pos¬ 
sible  delaminattcn  due  to  off-gassing  in  a  vacuum  environment.  Excellent  flexibility  is  im¬ 
parted  to  the  laminate  with  the  use  of  low  modulus  Capran  film,  while  the  closed  cell  vinyl 
foam  provides  a  cushioned  layer  for  puncture  protection.  Physical  properties  of  the  pressure 
bladder  component  materials  are  shown  in  Tabic  DC. 

b.  Structural  Layer.  The  structural  laypr  is  a  four-ply  laminate  of  Dacron  cloth  bonded 
with  a  polyester  adhesive  (Goodyear  PE-207).  Although  a  design  pressure  o'  7.  5  psia  with  a 
safety  factor  of  5  requires  a  load  capability  of  829  lb  n. .  further  allowance  :  .r  degradation 
In  strength  due  to  creep  ruptu-e  and  ply  lamination  produces  a  required  original  strength  of 
approximately  1300  lb  in.  .  This  load  is  carried  entirely  by  the  structural  lay.  whleh  due 
to  the  multiple  ply  technique  of  staggering  joints  in  ue  Individual  plies,  offers  an  <  csentully 
seamless  construction  This  strength  requirement  can  be  satisfied  by  four  plies  of  Stern  and 
Stern  Style  15292  Dacron  iloth  having  a  single-ply  rtrength  of  329  lb  ir.  Due  to  the  u  *avail 
ability  of  the  desired  style  15292  Dacron  cloth,  all  qualification  test  samples  and  th«  pre’otype 
tunnel  structural  layer  were  constructed  with  Stern  and  Stern  Style  1524b  Dacron  cloth.  "i*-e 
same  percentage  changes  under  test  conditions  as  compared  to  original  values  for  Style  15246 
cloth  arc  applied  to  Style  15292  cloth  for  evaluatic  ,  purposes 

Structural  material  quahfication  »estii  co.xtucted  ;o  investigate  environmental  effects 
due  to  temperature  extremes,  vacuum,  high  enfgy  radiation,  and  creasing  and  flexing  indi¬ 
cated  that  the  full  load  capability  of  829  lb  it;,  c  wild  be  carried  by  both  the  four  ply  structural 
layer  and  joints.  Physical  properties  of  the  Dacron  structural  ply  cloths  are  shown  in  Table 

X 


c.  Mieror.,cteorotd  Barrier,.  To  provide  the  penetration  resistance  required  by  the  micro- 
meteoroid  hazard  assessment  (see  subsection  D).  a  2 -Inch  thick  layer  of  flexible  poly  ether 
foam  of  5.2-pcf  density  was  selected.  Shelf  life  tests  indicate  that  the  polyether  foam  pro¬ 
vides  good  elastic  recovery  characteristics  for  the  exposure  conditions  required  before  and 
after  deployment.  Also,  good  ply  adhesion  strength  is  obtained  in  bonding  *he  poiyether  foam 
layer  to  the  other  layers.  Qualification  tests  conducted  to  determine  effects  of  off-  gassing, 
temperature  extreme*,  and  radiation  evposu-e  determined  the  polyether  foam  to  be  compatible 
with  environmental  requirements. 
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2-WCH  lOtYfTHU  FOAM  OUTtlCCVB 
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ITEM 

WEIGHT 

(fV) 

INNft  Iff  LECTiVf  COATING 

0.032 

piessuie  SLADO:* 

o.i  % 
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0  210 

2-INCH  FOAM  LAYEI  (1  2  PCF) 

0.200 

CHJTEI  COVfl 
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0  081 

TOTAL 

0.690 

Figure  85.  Tunnel  Design  Composite  Wall 
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Flgure  88.  Prtsnrt  Bladder 
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Table  IX.  Phyaloal  Properties  of  Pressure  Bladder  Components 


Nylon  Cloth  (Travis  SOM) 

Weight  (psf)  .  . .  0.0093 

breaking  strength.  warp/fill  (Ib/in. ) . 40/40 

Thickness  (mils) . 2. 5 


Cap  ran  Film  (Axlied  Chemical  77-C) 

Specific  gravity . 1-13 

Thickness  (ml) . . 0.15 

Ultimate  tensile,  longitudinal  (psi) . 8500 

Ultimate  ter.sU*,  transverse  (psi)  .  . . •  7000 


*1,500 

11,000 


Cl  jngaiior. ,  !  /transverse  (percent). . .  300  -  400 


Tensile  modulus,  longitudinal  (psi) . 90,000  -  110,000 

Tensile  moaulus.  transverse  (psi.1 .  105,000  -  125,000 


Nylon-Capran-Nylm,  Laminate 

Weight  (psf) .  . *  0.015  (avg) 

Breaking  strength,  warp/fill  (IbAn. ) . 72. 0  60. 0  (min? 

Ply  adhesion  (lb/ln. ) . .  .  4.0tavg) 

Thickness  (mils) . .  .  6. 75 


Nylon  Cloth  (Burlington  1632) 

Weight  (psf) . . .  0.015 

Freaking  strength,  warp  fill  0  »/in. )  .  .  . i40/9i 

Thickness  (mils)  . . .4.7 


PVC  Foam  (Rubtex  R-313-V) 

Density  fpcf)  . .  •  10.0  -  13.0 

Temperature  resistance  (°FS 

L  >w  . .  .  . - 10 

High  continuous  . .  .130 

High  intermittent . .  200 

Compression  set  ( ASTM  method) 

Compressed  50  percent  for.  22  hours  at  70° F  .  .  .  .  .  50  percent  (mas) 
Thickness  (inches1  . . .  O.tlK 


0  . 


t. 


Table  X.  Physical  Properties  of  Dacron 


Propery 


Dacron  I5£tfi 


Dacron  15292 


Width  (inches*  ..... 

Thread  cot, nt.  warp . 

Thread  count,  fill  .  >■ . 

Ultimas*  tensile  strength,  warp  (lb  in 
Ultimate  tenstf”  strength,  fill  (lb  is.) 
Tongue  tear  strength,  warp  life) 
Tongue  tear  #t;*r*th.  HU  (?b)  .  . 
Ufth&fl*  elongai,  *»  warp  (percent) 
Ultimate  elongation,  fill  (percent;  . 

Aif.jamr'h  («  ft  mitd . 

Thickness  i  inches'- . 

Weight,  tpsfl  .......  ... 

Clottt  wravr 


0.0136 
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TYf  IO.L  THERMAL  COATING 


Figure  87.  Outer  Cc*<er  of  Composite  Wail 


d.  Owtgf  Cover  am?  Thermal  Control  Coating.  The  outermost  layer  of  the  composite  wall 
structure  encapsulates  the  vail  a i*d  provides  a  smooth  base  for  the  application  of  a  thermal 
coating.  The  construction  cf  this  layer  is  shown  in  Figure  37. 

Inasmuch  as  the  outer  cover  encapsulates  the  composite  vail.  It  serves  as  an  aid  in 
packaging  the  tunnel  prior  to  launch.  Cy  a  vac~jm  technique,  the  wall  thickness  can  be  com¬ 
pressed  from  the  fully  expanded  2  Inches  to  about  3  8  inch,  suitable  for  folding  and  subsequent 
p  ckagtng  in  the  canister.  Alsc .  a  certain  amount  cf  air  will  still  be  trapped  in  the  composite 
-all,  even  after  evacuation.  Th's  air  can  be  used  as  a  thickness  recovery  aid,  augmenting 
the  elastic  recovery  characteristics  of  the  compressed  foam.  Thus,  full  recovery  oi  the  wall 
thickness,  even  under  adverse  t*?rr\p<;  atures.  will  be  ensured. 

The  thermal  co/»tr°<  coating  will  t*  applied  in  two  variation*  as  follows: 

(l)  Aluminum  coating  vacuum  deposited  or.  a  film  substrate  with  striping  e*  aluminum 
pigmented  white  silicone  paint. 

(21  Same  as- <11  but  with  the  addition  of  a  silicon  monoxide  overcoating  in  riain  loca¬ 
tion*. 

Measurements  of  thermal  radiation  propertier  ^(orr  and  after  solar  ultraviolet  exposure 
under  v-acuur  condition*  athstanUal*  the  above  ceilings  as  space-stable.  Also,  the  effects,  4 
off  gassing  Incteced  by  tuw«s  teatir.%  vere  four*  tc  be  negligible,  For  the  interior  surface  of 
the  tunnel  design,  a  titanium  dtexide  pigmer.led  silicone  paint  is  specified  because  of  it*  low 
solar  afe*siry>tinc<?  improved  light  ing  end  high  tmittanrr  tc  minimize  extreme  temprrafsre 
v&rtatSoE*.  Fcf  the  prototype  tunnel,  a  titanium  dioxide  pigmented  Hypalon  paint  was  used 
for  br<th  interior  and  eatertor  tunnel  surface*.  Also,  the  same  style  nylon  cloth  ^Burlington 
1SS21  a*  used  tor  the  preasure  bladder  Icp*r  *u  usod  for  the  outer  cover  l»yer  o?  the  protc— 
type  tunnel 
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3.  Fabrication  Techniques  and  Process s 


<t.  Funded  Floor  Structure.  The  tunnel  rigid  floor  structure  is  metal  sandwich  construc¬ 
tion  consisting  of  7.9-pcf  density  aluminum  honeycomb  core  bonded  between  7075 -T6  aluminum 
face  sheets  0, 083  inch  thick  with  Epon  S34  epoxy  aah&sivc.  Shaped  aluminum  edge  members 
am  bonded  around  the  Goer  periphery  with  the  same  adhesive.  This  fabrication  technique  has 
beer,  proved  by  years  of  use.  The  vse  of  Epon  934  epoxy  adhesive  was  based  on  the  original 
high  strength  of  the  adhesive  and  manufacturer's  test  data,  indicating  no  strength  loss  after 
exposure  tc  109  rads  of  ionizing  radiation  from  a  Van  deGraf  electron  beam.  The  sandwich 
floor  structure  adhesive  cure  was  accomplished  in  an  autoclave  under  pressure  at  a  high 
temperature. 

b.  Composite  Wall  Bonding.  In  fabricating  the  tunnel  composite  wcT  structure,  each  com¬ 
ponent  layer  is  built  up  layer  by  layer,  starting  with  the  pressure  bladder ,on  a  male  mandrel 
fabricated  of  Hgid  foam.  With  the  polyester  adhesive  (Goodyear  PE-201)  binder  layers  bond¬ 
ing  the  multiple-layer  pressure  bladdei  components  together,  bonding  V.e  outer  cover  to  the 
2-inch  foam  layer,  bonding  the  multiple-ply  structural  layer  together,  and  bonding  the  struc¬ 
tural  layer  to  its  adjacent  pressure  bladder  and  flexible  foam  layers,  the  total  composite  wall 
structure  is  bonded  together  into  ar.  integral  and  homogenous  structure.  The  joints  of  the  in¬ 
dividual  plies  in  both  pressure  blr  der  and  structural  layers  are  staggered  in  such  a  way  as  to 
of  ft1"  ar.  essentially  seamless  construction. 

At  intermediate  phases  during  the  lay-up  construction,  the  polyester  adhesive  layers  are 
cured  with  heat  and  pressure  by  "acuum  bagging  iechn’ques.  (The  foam  mandrel  is  extracted 
from  the  completed  structure  after  application  of  the  outer  cover. )  A  polyurethane  elastomeric 
tape  (Goodyear  Topolie)  is  applied  to  all  exposed  lap  seam  joints  on  both  interior  and  exterior 
tunnel  surfaces.  Physical  properties  of  ‘he  bonding  components  are  shown  in  Table  XI. 

c.  Floor  Joint  Bonding.  Particular  emphasis  was  placed  on  the  design  and  development  of 
a  structural  joint  between  the  rigid  floor  oi  the  tunnel  and  the  flexible  structural  layer.  The 
technique  that  evolved  from  this  investigation  (see  Figure  ^8)  uses  a  blended  polyamide- epexy 
adhesive  rigid  bond.  Strip  tensile  tests  of  this  technique  indicated  a  50  percent  load  capability, 
a-  'V  pared  to  that  of  ti  e  parent  structural  cloth.  The  degradation  in  strength  is  attributed 
to  the  locked -m  crimp  effect  of  the  Dacron  yarns  embedded  in  the  rigid  adhesive  bond.  At¬ 
tempts  to  improve  joint  efficiency  by  using  a  more  elastic  type  epoxy  bond  were  not  successful 
and  only  resulted  in  shear  failure  cf  the  joint.  A  polyester  adhesive  bond  similar  to  that  used 
in  the  structural  wall  seams  was  also  tested  but  was  wholly  inadequate  for  the  required  bond 
strength.  Consequently,  the  blended  polyamide-epoxy  rigid  bond  technique  was  adopted  as  the 
required  design  technique  and  resulted  in  an  eight-ply  bond  to  the  structural  floor  joined  to  the 
four-piy  structural  layer  with  a  polyester  adhesive  oond.  Strip  tensile  tests  of  this  overall 
joint  design  indicated  that  the  full  load  capability  of  829  Ib/in.  could  be  carried  by  both  the 
Joints  and  ihe  basic  four-ply  structural  layer.  Qualification  tests  were  conducted  m  the  floor 
joint  to  investigate  environmental  effects  due  to  temperature  extremes,  vacuum  and  radiation, 
and  ireastr.g.  The  tests  indicated  that  the  full  load  capability  of  929  lb/in,  could  be  carried  by 
the  floor  ioint. 


Table  XI.  Physical  Properties  of  Bonding  Components 


Property 

Polyester 

Polyurethane 

Epoxy 

C  ode  ...  . 

Goodyear  PE- 207 

1 

Goodyear  Topolie 

Epon  828,  Ver- 
samid  140 

Type . 

Thermoplastic 

Thermoset 

Thermoset 

Tensile  euergih  (nsi) . 

7800 

3000 

2700 

Elf  unate  elongation  (percent)  . 

100 

480 

7 

Specific  gravity 

1.2 

1.  t 

1.2 

P»E»US(  HADOM 


Figure  88.  Structural  Joint  between  Expandable  Wall  and  Rigid  Floor 


*.  Materials  Test  Results  and  Evaluation 

a.  General.  Although  the  materials  selected  for  fabrication  cf  the  transfer  tunnel  com¬ 
posite  structure  were  oased  on  GAC  in-house  development  progiams,  sufficient  material  qual¬ 
ification  testing  was  conducted  o..  the  selected  materials  to  substantiate  the  environmental, 
human  factors,  and  structural  requirements. 

b.  Weight.  Actual  weighing  of  component  material  yielded  average  unit  weights  for  the 
prototype  tunnel  (see  Table  XII).  Estimated  weights  based  on  the  use  of  material  proposed 
for  the  tunnel  design  are  also  given  in  Tabie  XII. 

c.  Fvessure  Tightness.  To  substantiate  gas  pressure  tightness  01  the  pressure  bladder, 
permeability  measurements  of  samples  were  made  on  Dow-type  gas  transmission  cells  in  ac¬ 
cordance  with  A  STM  procedures.  The  tests  were  conducted  at  room  temperature,  5-psia 
pressure  differential  across  the  sample,  and  gas  atmosphere  of  100  percent  oxygen.  The  test 
results  given  in  Table  XIII  show  the  permeability  of  original  samples  and  the  same  samples 
after  various  exposure  conditions.  Relating  the  maximum  rate  of  2,0  x  10"  psf/day  to  the 
tunnel  expandable  surface  area  (130  ft2)  indicates  a  gas  loss  of  0.026  Ib/day,  or  substantially 
lees  than  the  maximum  specified  allowance  of  1.0  pound  per  day, 


Table  XII,  Composite  Wall  Weight  Breakdown 


Construction 

Actual  Wt 
(psf) 

Est  Wt 
(psf) 

Oder  Thermal  Control  Coating 

0.045 

0.026 

Outer  Cover 

0.015 

0.015 

Polyester  Adhesive 

0.027 

0.027 

2- Inch  Polyether  Foam 

0.200 

0.200 

Polyester  Adhesive 

0.027 

A 

V*  Vm  1 

4- Ply  Structural  Cloth  (including  adhesive) 

0  722 

0.210 

Polyester  Adhesive 

0.027 

0.027 

Pressure  Bladder 

Nylon  Cloth  0.015 

Polyester  Adhesive  0.027 

0. 070- Inch  PVC  F  oa:r.  0. 042 

Polyester  Adhesive  0.027 

Film-Cloth  Laminate  0. 015 

0.126 

0. 126 

Inner  Reflective  Coating 

0.032 

0.032 

Total 

0.721 

0.690 

Table  XIII.  Pressure  Bladder  Leak  Ralts 


Sample  Condition 

Avg  Leak  Rate 
(pst/24  hr) 

Original  Sample 

1.0  x  IQ'4 

High-Vacuum  Soaked  Sample 

1. 1  x  10*4 

Creased  Sample  i 

1.2  x  10'4 

One- Side  Pin- Punctured  Sample  j 

2.0x10-4 

d.  Structural  Integrity.  To  demonstrate  structural  integrity  of  the  flexible  structural 
layer,  test  samples  were  made  and  tested  for  both  the  laminated  four-ply  Dacron  structural 
layer  and  the  termination  floor  joint.  Strip  tensile  test  specimens  were  fabricated  with  Stern 
and  Stern  Style  15246  Dacron  cloth  in  2- inch  ravened  widths  tsee  Figures  89  and  90}.  Strip 
tensile  tests  were  made  in  accordance  with  ASTM  standard  methods  for  testing  woven  fabrics. 
Test  results  or.  the  effects  of  temperature  extremes,  vacuum,  high  energy  radiation,  and 
creasing  are  summarized  in  Table  XIV,  To  substantiate  the  biaxial  type  of  loading  of  the  ac¬ 
tual  tunnel  structure,  cylinder  burst  test  specimens  of  the  four-ply  structural  layer  were  also 
fabricated  with  the  Sty.e  15246  Dacron  cloth.  Four  cylinders  12  inches  in  diameter  by  36 
inches  long  were  laminated  in  accordance  with  the  actual  tunnel  construction  methods.  Three 
cylinders  were  tested  for  quick-break  burst  pressure,  and  one  cylinder  was  cycled  60  times 
at  pressures  simulating  inflation  ana  deflation  befoie  application  of  quick-break  pressure 
(set-  Figure  91). 

Applying  the  percentage  factor  of  loss  in  strength  for  ply  efficiency  (sec  cylinder  buret  test  in 
Tabk  XIV)  and  for  creep  rupture  effects  (see  Reference  4 )  to  the  four -ply  strength  for  Style  15292 
Dacron  cloth  would  indicate  that  the  fui)  design  ultimate  load  capability  of  829  t’o/ln.  could  be  car  ¬ 
ried.  The  ply  efficiency  factor  for  the  cylinder  burst  test  is  81  percent  (see  Table  XIV).  The  creep 
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Figure  89.  Typical  Four- Ply  Laminate 
Specimen 
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Figure  90.  Typical  Eight-Ply  Dacron  Floor  Joint  Specimen 


rupture  effect  for  a  two- month  load  at  room  temperature  has  a  factor  of  78  percent  (see  Refer¬ 
ence  4).  Applying  these  reduction  factors  to  the  fou;  -ply  strength  gives  a  tunnel  design  load 
carrying  capability  of  831  lb/in.  This  is  shown  by  4  x  329  x  0. 81  x  0. 78  =  831  lb/in.  The  de¬ 
sign  ultimate  load  was  previously  given  as  829  Ib/in. 

It  should  be  noted  that  the  structural  efficiencies  below  100  percent  in  Table  XIV  are 
extreme  cases  not  specified  for  the  normal  mission  environment,  where  the  thermal  control 
coating  is  designed  to  maintain  75CF  on  the  tunnel  interior  and  the  radiation  exposure  of  the 
structural  layer  is  calculated  to  be  at  least  one  order  of  magnitude  lower  than  the  test  sample 
exposure. 

e.  Temperature  Control.  Both  laboratory  test  data  and  apace  sei  vice  data  are  available 
for  thermal  control  coatings  that  would  satisfy  the  requirements  determined  by  the  tunnel 
thermal  analysis  for  space-stable  thermal  radiation  properties  of  the  thermal  control  ’ayer. 
Measurements  of  solar  absorbance  (a)  and  omittance  (f)  were  made  before  and  alter  ultra¬ 
violet  exposure  under  vacuum  conditions.  GAC  laboratory  tests  consisted  of  exposing  the 
thermal  control  coating  specimen  to  simulated  solar  radiation  under  vacuum  at  Hr?  torr  or 
lower.  Solar  absorptance  and  thermal  emittar.ee  of  the  laboratory  specimens  were  measured 
using  a  dynamic  thermal  vacuum  technique  similar  to  that  an  Reference  19,  p  192.  A  com¬ 
parison  of  optical  characteristics  for  the  specified  coatings  is  given  in  Table  XV. 

The  tunnel  thermal  analysis  indicates  that  the  external  surface  should  have  a  r^tio  of 
solar  absorptance  (a)  to  gmittanee  (f)  between  1  and  3,  with  the  absolute  values  of  a  and  «  ae 
low  as  possible,  These  criteria  may  lie  satisfied  by  using  an  external  thermal  control  coating 
of  aiuminised  film  {»  *  0. 123,  «  -  (1.037,  a/«  =  3.5)  covered  In  part  by  aluminum  powder  L» 
aittecne  paint  (a  *  0.24,  <  *.  0.115,  a/t  --  J.96)  and  possibly  covered  with  an  overcoat  of  sili¬ 
con  monoxide  (a  -  9. 138,  «  -  0.512,  a/  =  9.27).  By  varying  the  quantity  of  the  individual 
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Table  XIV.  Summary  of  Structural  Cloth  Testa 


Type  at  Test 

Condition 

Avg  Breaking 

Strength  (lb/in.) 

15246  Dacron 
(x>  Original  Room 
Tamp  Arab  Value) 

Room 

Temp 

*10°F 

110°F 

3ti  Ip  Ten* tie  (15244  Decron  Cloth) 

One  Ply 

Ambient,  Warp/Fill 

Original 

270/277 

100 

Ambient,  Warn 'Fin 

After  radiation  (10®  rads) 

287/289 

106 

Four  Ply  yt*o  beam) 

Ambient,  Warp 

Original 

1098 

%  (4  x  270)  *  102 

Four  Ply  (One  Ply  Seamed) 

Ambient,  Warp 

Original 

958 

102 

merit,  Warp 

Original 

940 

%  (4  x  270)  »  87 

Ambient,  Warp 

Original 

924 

98 

Ambient,  Warp 

After  creasing 

970 

103 

Ambient,  Warp 

After  radiation  (10®  rads) 

930 

99 

Vacuum  00'*  torr),  Warp 

Original 

978 

104 

Vacuum  (10“®  torr),  Warp 

Original 

1038 

110 

Vacuum  (10"®  torr),  Warp 

Original 

968 

103 

Strip  Tensile  (15246  Dacron  Cloth  Floor  Joint) 

/unblent,  Warp 

Original 

974 

9C 

Ambient,  Warp 

Original 

1079 

%  (4  x  270)  *  100 

Ambient,  Warp 

Original 

1008 

93 

Ambient,  Warp 

After  radiation  (10®  rads) 

998 

92 

Vacuum  (10**  torr),  Warp 

Original 

mo 

103 

Va.  -urn  (10‘*  torr),  Wirp 

Original 

1088 

101 

Vacuum  (10~4  torr),  Warp 

Original 

956 

88 

Cylinder  Burst  (15246  Dacron  Cloth) 

! 

Four  Ply 

Ambient,  Warp 

Original 

872 

1  (4  *  270)  *  91 

Ambient,  Warp 

After  cycling 

916 

%  (4  x  270)  =  85 

Strip  Tensile  (15292  Dacron  Cloth) 

One  Ply 

Ambient,  Warp/FUl 

Original 

329  293 

1 

Table  XV.  Optical  Characteristics  of  Thermal  Control  Coatings 


Suriacn 

Outer 

Inner 

Characteristic 

Alua.xm/cu 

Mylar 

Oil  it.  *Ad\  muiiuhiut- 

on  My;... 

Ai  Powder 
in  SiUvonc 

TiOj 

in  Silicone 

1  >  u  j  Suitait.  t'  .... 

film 

E  V  alUli 

film 

EriuijUJ-l  j:pr 
pijsmer.t 

Air- cured 
white  pqint 

Source  . 

Ref  17,  18,  and 

IS 

Ref  19  and  20 

Hef  19 

Ref  19 

Coating  thickness  .  . 

2000A 

20.  COOA 

0.001  in. 

0. 002  in. 

a  (initial) . 

0.  .00  -  0.  129 

0.  138 

0.24 

0.24 

s  liinal' . 

*  (♦)  1 ' \ 

Aa  =  (.1  10-’ 

As  =  negligible 

Ao  .  (,!  60. 

t  (initial) . 

0.037  -  0.045 

0.512 

0.23 

0.75 

i  Usual) . 

a.  -  negligible 

A«  .  negligible 

=  neglig&ic 

A«  =  negligible 

a  *  limirull . 

3.5 

0. 270- 

0.96 

,  0.32 

cr.?«  (filial)  ...... 

ala,.).  (>)  r; 

a(o?>»  (.)  Vf'< 

negligible 

A(o/0*  U\W, 

i&poftvrt- 

Uaix.raviry  .... 

Initial 

Initial 

Initial 

initial 

Orbital  flight .... 

L  y  ear 

200  days 

125- days 

90  days 

coating  area*,  the  effective  a/t  ratio  may  be  established  at  any  desired  value  between  1  and  3. 
The  interior  of  die  tunnel  la  designed  to  have  a  low  value  of  solar  abaorptance  (a  -  0. 24,  white 
surface)  for  improved  lighting  and  a  high  value  of  emittance  ( t  *•  0.76)  to  minimize  extreme 
temperature  variations  within  the  tunnel.  For  the  interior  coating  on  the  tunnel  design,  a  ti¬ 
tanium  dioxide  pigmented  silicone  paint  is  selected.  For  the  prototype  model,  a  more  econom¬ 
ical  titanium  dioxide  pigmented  white  Hypalon  paint  was  used  for  the  tunnel  interior. 

To  correlate  the  interior  and  exterior  tunnel  wall  surface  temperatures  as  predicted  by 
the  thermal  analysis,  thermal  conductivity  tests  were  conducted  on  a  sample  of  the  tunnel  com¬ 
posite  wall  material,  utilizing  the  cryogenic  guarded  hot  plate  method.  The  test  was  in  a 
vacuum  of  ICC  ®  mm  Hg,  and  the  measured  data  indicates  a  conductivity  of  0.07  Btu-in.  Ar-ft*- 
°F;  the  major  portion  of  the  composite  thermal  resistance  is  attributed  to  the  2- inch  thick 
polyether  foam. 

f.  Elastic  Recovery.  To  demonstrate  chelf  life  characteristics  of  the  tunnel  wall,  time- 
load  tests  were  conducted  on  small  samples  of  the  mlcrometeorold  barrier  foam  layer  to  as¬ 
certain  the  maximum  length  of  time  that  the  tunnel  can  be  packaged  with  a  high  reliability  of 
elastic  recc.ery  when  unpackaged.  Figure  92  shows  the  recovery  characteristics  of  the  foam 
under  vacuum  conditions  of  10"4  torr  for  varying  temperatures  and  packaged  durations.  From 
Figure  92  it  can  be  seen  that  the  packaged  structure  must  be  Insulated  against  extreme  cold  if 
full  recovery  is  to  be  achieved. 


Figure  92.  Foam  Thickness  Re¬ 
covery  versus  Time 
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Table  XVI.  Vacuum  Off-Gassing  of  Composite  Wall  Materials 


Material 

Percent  Weight 

Loss 

Time  to 
Stabilize 
(hr) 

Vacuum 

Level 

(torr) 

Total  Composite 

2.63 

40 

10*® 

Outer  Cover 

0. 36 

1.5 

4  x  !0-6 

2- Inch  Foam 

0.39 

1.5 

4.8  x  10*® 

Structural  Layer 

0. 12 

1.0 

io-  • 

Pressure  Bladder 

6.3 

98.0 

10- 6 

g.  Environmental  Effects.  Environmental  effects  to  be  considered  Include  combined 
vacuum  and  ultraviolet  radiation,  the  thermal  environment,  and  high  energy  radiation  from 
VanAllcn  electrons.  Only  the  thermal  control  coating  is  affected  by  the  combined  vacuum  and 
ultraviolet  radiation.  This  effect  has  already  been  discussed.  Thermal  effects  relative  to 
extremes  in  temperature  combined  with  vacuum  were  evaluated  In  testing  for  structural  in¬ 
tegrity  and  elastic  recovery.  Also,  strip  ten >  lie  tests  on  the  structural  layer  irradiated  with 
10®  rads  of  gamma  radiation  were  evaluated.  The  tolerance  of  the  other  composite  layers  to 
high-energy  radiation  is  higher  than  the  anticipated  dose  of  approximately  10®  rads.  Finally, 
tests  on  the  composite  wall  material  and  its  component  layers  under  vacuum  conditions  were 
used  to  evaluate  off-gassing  effects  on  the  material  physical  properties  (see  Table  XVI).  An 
initial  off-gassing  is  encountered,  resulting  from  boil-off  of  piastieixers  and  volatile  solvents, 
with  a  negligible  weight  loss,  which  subsequently  levels  off.  The  hard  vacuum  exposure  also 
proved  that  the  pressure  bladder  construction  technique  was  successful  in  preventing  delamin¬ 
ation  of  the  bladder  composite.  Curves  of  off-gassing  versus  time  are  shown  In  Figures  93 
through  91. 

h.  Toxicity.  Tests  were  made  to  assure  that  no  toxic  by-products,  such  as  those  used  in 
the  pressure  bladder  polymer  type  materials,  are  given  off  while  under  the  deployment  en¬ 
vironment  of  5-psia,  100  percent  oxygen  atmosphere.  A  survey  of  toxic  materials  known  to  be 
useu  !n  the  pressure  bladder  material  construction  was  made,  and  the  materials  were  found  to 
be  toluene,  xylene,  methyl  ethyl  ketone  and  methylene  chloride  solvents,  and  toluene-dii-c —ya- 
nate  (TDf).  Although  it  was  not  known  if  carbon  monoxide  is  present,  tests  for  it  were  also 
included.  The  test  procedure  for  collecting  traces  of  any  toxic  gases  was  to  place  the  test 
material  in  a  pressure  res*"'.  that  was  evacuated  and  subsequently  pressurized  to  5  peig  with 
100  percent  oxygen.  The  test  material  was  exposed  for  24  hours  prior  to  chemical  analysis 

of  the  toxic  gases,  and  ail  were  found  to  be  below  the  threshold  limit  values  for  atmospheric 
contaminants  established  for  occupational  exposure.  The  values  as  determined  by  a  calorim¬ 
eter  type  of  chemical  tester  or  mass  spectrometer  are  shown  In  Table  XVII. 

1.  Abrasion  Effects.  Tests  were  conducted  to  determine  the  abrasion  characteristics  of 
the  tunnel  liner  with  respect  to  the  outer  layer  of  the  astronaut's  space  suit  -  the  Nomex  white 
reflecting  nylon.  The  test  was  conducted  in  accordance  with  Federal  Specification  CCC-T 
191b,  Method  5304- Abrasion  Resistance  of  Cloth  (Oscillatory  Cylinder  Method),  except  that 
the  specimens  were  run  for  600  cycles  Instead  of  250  cycles.  Strip  tensile  breaking  strength 
before  and  after  testing  is  used  as  the  measure  of  abrasioj,  resistance.  T«  st  results  indicated 
less  than  10  percent  decrease  In  breaking  strength  after  abrasion  testing,  with  no  change  in 
visible  appearance  of  the  cloth. 
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Figure  93.  Composite  Wall  Weight  Loss  at  10“ 6  Mm  Hg 
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Figure  94.  Pressure  Bladder  Weight  Loss  at  10"®  Mm  Hg 
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Figure  95,  Dacron  Struc-  Figure  96.  Two-Inch  Foam  Weight  La 

tural  Cloth  Weight  Loss  at  10"  6  Mm  Hg 

at  IQ'6  Mm  Hg 


Table  XVn.  Threshold  Limits  for  Atmospheric  Contaminants 


Gases 

Test  Result 
Value* 

(PPM) 

Threshold 
Limit  Value1* 
(PPM) 

Toluene 

200.0 

200.0 

Xylene 

200.  G 

200.0 

Methyl  Ethyl  Ketone 

200.0 

200.0 

Methylene  Chloride 

200.0 

500.0 

Toluene-  Diisocyanate 

0.01 

0.02 

Carbon  Monoxide 

25.0 

100.0 

*  Note  that  the  values  shown  are  minimum  sensitivity  values  of  the  instru¬ 
ments  used  in  testing.  In  all  cases,  no  trace  of  the  contaminants  was 
found,  therefore  proving  if  there  were  minute  traces  of  contaminants,  the 
concentration  is  below  the  threshold  limit  value. 

b  American  Conference  of  Governmental  Industrial  Hygienists,  1963,  or 
National  Bureau  of  Standards. 


5.  Repair  Techniques 

Repair  materials  were  evaluated  for  repairing  tears  or  known  particle  penetration  loca¬ 
tions  in  the  inner  pressure  bladder  layer  of  the  composite  wall  structure.  A  cemented  patch 
repair  technique  was  selected  as  the  most  suitable  for  application  to  the  damaged  area.  The 
patch  was  made  from  the  same  film-cloth  laminate-as  was  used  foj^the_pressure  bladder  com¬ 
ponent  layer.  The  environmental  effects  on  the  patch  are  the  same  as  the' effects -on  the  pres¬ 
sure  bladder  component  material.  Dow  Corning  90-092  silicone  rubber  adhesive  was  used  for 
the  cement  application.  The  90-092  adhesive,  a  cne-part,  ready-to-use  adhesive  that  is  ap¬ 
plied  directly  from  squeeze  tubes  onto  the  desired  surface,  is  cured  upon  exposure  to  moisture 
into  a  tough,  rubbery  solid.  The  moisture- curing  mechanism  of  90-092  adhesive  does  not  lib¬ 
erate  acetic  acid,  and  therefore  avoids  the  corrosion  and  toxicity  problems  that  would  be  as¬ 
sociated  with  acetic  acid-evolving  systems  in  space  structures.  Once  extruded,  the  90-092 
adhesive  stays  where  it  is  placed,  and  will  not  sag  or  slump  from  its  own  weight,  which  is 
especially  significant  in  a  zero-G  application.  The  adhesive  has  a  putty-like  consistency  and 
is  easily  tooled  with  a  spatula  to  position  the  adhesive  or  to  smooth  its  surface.  Reference  21 
reports  that  putty- type  sealants  with  the  consistency  of  the  90-092  adhesive  will  effectively  seal 
holes  up  to  1/4  inch  in  diameter  in  space  structures.  The  film-cloth  laminated  patch  material 
is  placed  over  the  adhesive  layer  to  prevent  accidental  displacement  of  the  adhesive  before 
complete  cure.  For  small  patch  size  areas,  the  adhesive  line  will  cure  in  about  24  hours  at 
ordinary  room  temperatures.  Excellent  peel  strength  is  developed  between  the  patch  and  re¬ 
paired  surface  after  adhesive  cure.  The  repair  materials  will  operate  satisfactorily  in  the 
tunnel  environmental  conditions  of  vacuum  and  100  percent  oxygen  atmosphere.  Reference  22 
reports  a  negligible  weight  loss  rate  for  silicone  rubbers,  with  the  weight  loss  occuring  in  the 
first  few  hours  at  10“ ?  torr  range.  Reference  23  reports  silicone  rubbers  to  have  a  radiation 
tolerance  of  10^  to  10®  rads,  well  above  the  expected  exposure. 
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SECTION  VI 


PRELIMINARY  QUALIFICATION  TESTING 


A.  GENERAt 

The  completed  prototype  tunnel  was  subjected  to  a  series  of  preliminary  qualification 
tests  to  substantiate  the  structural  integrity,  gas  tightness,  and  some  of  the  operational  as¬ 
pects  of  the  design  in  order  to  evaluate  the  application  of  such  structures  to  actual  space  mis¬ 
sions.  The  test  program  included  packaging,  pressure  proof  and  leak  tests,  cyclic  pressure 
test,  and  a  vacuum  chamber  deployment  tpst.  Zero-G  flight  tests  are  to  be  conducted  on  the 
KC-135  zero-G  aircraft  at  Wright-Pallerson  AFB,  and  the  results  of  these  tests  will  be  re¬ 
ported  in  Part  IE  of  this  report. 

A  steel  framework  test  cairier  with  hatch  mock-ups  simulating  the  Gemini  and  MSS  ac¬ 
cess  hatches  was  fabricated  to  support  the  prototype  tunnel  during  the  preliminary  qualifica¬ 
tion  testing.  Each  access  hatch  is  fitted  with  a  hatch  cover  utilizing  an  O-ring  seal  for  pres¬ 
sure  tightness.  The  test  carrier  is  also  equipped  with  a  can-as  catcher  to  catch  the  canister 
cover  when  it  is  jettisoned  for  deployment  The  completed  prototype  tunnel  mounted  on  the 
test  carrier  is  shown  in  Figure  13.  The  test  carrier  design  is  shown  in  Figures  98  and  99. 

B.  PACKAGING  TEST 
! .  General 

The  purpose  of  the  packaging  test  was  to  establish  the  minimum  height  into  which  the  ex- 
i  andable  tunnel  could  be  folded  and  packaged  in  the  canister.  The  minimum  attainable  packag¬ 
ing  height  is  desirable  to  reduce  the  effects  of  aerodynamic  drag  on  the  packaging  canister  dur¬ 
ing  the  launch  phase. 

2.  Test  Procedure 

Air  was  evacuated  from  the  foam  meteoroid  barrier  of  the  composite  wall  via  a  vacuum 
line  attached  to  one  of  the  plastic  pressure  relief  valves  Installed  through  the  wall  outer  cover. 
When  the  expandable  wall  was  compressed  as  much  as  possible,  another  vacuum  line  was  at¬ 
tached  to  a  fitting  in  the  cover  of  the  MSS  access  hatch  for  evacuation  of  the  tunnel  Interior 
As  the  tunnel  interior  was  being  evacuated,  the  fold  pattern  of  the  collapsing  wall  was  con¬ 
trolled  by  a  crew  of  technicians.  The  start  of  the  interior  evacuation  is  shown  in  Figure  14. 

In  all  cases,  the  folding  procedure  utilized  a  vertical  accordion  fold  with  the  creases  running 
lengthwise  along  the  tunnel  wall.  Attaining  the  minimum  packaging  height  became  a  matter  of 
determining  the  most  efficient  method  of  folding  the  hemispherical  tunnel  ends.  In  all  cases, 
the  folded  tunnel  presented  a  fairly  flat  package  with  a  base  having  approximately  the  same 
overall  dimensions  as  the  tunnel  floor.  One  of  the  attempted  folding  patterns  is  shown  in 
Figure  100. 

After  each  oi  the  end  folding  patterns  was  attempted,  the  canister  was  placed  over  the 
folded  tunnel  and  strapped  down  tightly  to  the  test  carrier  bed.  The  height  of  the  canister  rel¬ 
ative  to  the  test  carrier  was  then  measured.  When  the  pattern  that  produced  the  minimum 
height  had  been  determined,  the  tunnel  was  again  folded  in  this  most  efficient  pattern  and  the 
canister  was  strapped  tightly  in  place.  The  canister  attachment  holes  were  then  match  drilled 
with  the  canister  support  brackets  attached  to  the  tunnel  floor. 

3.  Test  Results 

The  most  efficient  folding  procedure  utilized  the  vertical  accordion  fold  with  the  creases 
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Figure  88.  Test  Carrier  Design 


s 


toi  support  assy  fsAomo 

A 04  SUP*  OPT  ASSY  (OPP) 


I 


r 


Klfure  9$ 


Figure  100.  Tunnel  Folded  during  Packaging  Test 


running  lengthwise  along  the  tunnel  and  had  the  hemispherical  ends  folded  back  across  the  tops 
of  the  lengthwise  folds.  The  folded  configuration  is  shown  in  Figure  5,  and  the  packaged  tunnel 
is  shown  in  Figure  15.  The  minimum  packaging  height  was  established  as  3-3/8  inches  from 
the  top  of  the  tunnel  floor  to  the  inside  surface  of  the  canister.  The  packaging  volume  from 
the  bottom  surface  of  the  floor  to  the  inside  surface  of  the  canister  is  14.  8  cubic  feet.  With 
the  tunnel  floor,  composite  wall,  lighting, and  locomotion  aids  weighing  198.4  pounds,  the 
packaging  density  is  13.4  pcf.  The  total  packaging  volume  provided  by  the  canister  with  the 
side  fairings  resting  against  the  launch  vehicle  is  20.  8  cubic  feet.  The  volume  contained  be¬ 
low  the  floor  except  that  occupied  by  the  attachment  -'ngs  and  canister  support  brackets  is 
wasted  space,  although  necessary  for  the  configuration  enclosure.  Based  on  the  total  volume 
and  weight,  the  packaging  density  is  10.2  pcf. 

C.  PRESSURE  PROOF  TEST 

1.  Genera] 

The  purpose  of  the  pressure  proof  test  was  to  establish  the  structural  integrity  of  the 
tunnel  by  maintaining  an  inflation  pressure  of  10  psi,  1.  33  times  the  design  pressure  of  7.  5 
psi.  for  a  period  of  7  days. 

2.  Test  Procedure 

After  completion  of  the  packaging  test,  the  prototype  tunnel  mounted  on  the  test  carrier 
bed  was  placed  in  the  GAC  pressure  test  room  for  the  pressure  proof  and  leak  tests  and  the 
cyclic  pressure  test.  A  temperature  indicator  was  installed  in  the  cover  plate  on  the  Gemini 
access  hatch  to  monitor  internal  tunnel  temperature.  The  tunnel  with  the  temperature  indica¬ 
tor  installed  so  that  it  could  be  read  in  a  mirror  from  the  window  of  the  pressure  test  room  is 
shown  in  Figure  101.  A  dial  mercury  manometer  and  a  filtered  shop  air  supply  line  were  at¬ 
tached  to  a  port  in  the  cover  plate  on  the  MSS  access  hatch.  The  air  supply  line  was  equipped 


Figure  101.  Tunnel  in  Pressure  Test  Room 


with  two  pressure  regulators  in  series,  capable  of  maintaining  pressure  within  ±0.2  inch 
of  mercury.  ±0.  1  psi.  The  regulated  side  of  the  air  supply  line  was  equipped  with  a  21-inch 
maximum  pressure  (10.  3  psi)  U-tube  mercury  manometer  to  serve  as  a  pressure  relief  de¬ 
vice  to  guard  against  over-pressure  due  to  thermal  expansion  or  regulator  malfunction.  The 
regulators  and  manometers  were  located  outside  the  room  by  the  window.  The  test  arrange¬ 
ment  is  shown  in  Figures  16  and  17. 

The  tunnel  was  pressurized  to  10  psi  (20. ‘1  inches  of  mercury),  and  after  the  pressure 
and  temperature  had  stabilized  and  were  recorded,  the  test  time  period  was  started.  The  10- 
psi  pressure  was  maintained  for  a  period  of  7  days  while  pressure  and  temperature  were 
monitored  periodically. 

3.  Test  Results 

The  prototype  tunnel  withstood  the  10-psi  proof  pressure  lor  7  days  with  no  visible  change 
in  configuration  and  with  no  visual  signs  of  damage. 

D  PRESSURE  LEAK  TEST 

1 .  General 

The  purpose  of  the  pressure  leak  test  was  to  establish  the  gas  tightness  of  tne  prototype 
tupn*'l  bv  determining  the  leak  rate  at  the  design  pressure  of  7.  5  psi  for  a  period  of  7  days. 
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2.  Tost  Procedure 

i  ho  only  change  in  the  test  arrangement  from  the  proof  test  was  changing  the  pressuri- 
ration  air  supply  from  the  shop  air  line  to  a  bottle  of  compressed  air,  which  was  placed  on  a 
calibrated  platform  scale.  The  initial  part  of  this  test  included  determination  of  the  tunnel 
volume  when  pressurized  to  7.  5  psi.  The  actual  barometric  pressure  and  the  weight  of  the 
compressed  air  bottle  were  recorded,  and  the  tunnel  was  pressurized  to  7.5  psi  (15.3  inches 
of  mercury).  The  air  supply  was  carefully  regulated  so  that  the  pressure  was  7.  5  psi  when  1 
the  internal  tunnel  temperature  was  stabll i-,ed.  The  pressure,  temperature,  compressed  air 
bottle  weight,  and  actual  barometric  pressure  were  then  recorded,  and  the  test  time  period 
was  started.  The  weight  of  air  used  to  pressurize  the  tunnel  was  used  to  determine  the  inflated 
volume.  The  7.  5- psi  pressure  was  maintained  for  a  period  of  7  days  whRe  pressure,  temper¬ 
ature,  and  compressed  air  bottle  weight  were  monitored  periodically.  At  the  end  of  the  7-day 
period,  the  pressure,  temperature,  compressed  air  bottle  weight,  and  actual  barometric  pres¬ 
sure  were  again  recorded. 

3.  Test  Results 

Prior  to  the  packaging  tests,  a  one-day  (24-  hour)  leak  test  was  conducted  to  establish  a 
reference  leak  rate  to  be  used  for  evaluating  possible  degrading  effects  of  folding  and  packag¬ 
ing.  The  24-hour  leak  test  was  conducted  by  pressurizing  the  tunnel  to  10  psi,  reading  baro¬ 
metric  pressure  and  temperature,  and  monitoring  the  pressure  decrease  for  24  hours.  At  the 
end  of  this  time  period,  the  temperature  and  barometric  pressure  were  again  recorded. 

The  equation  of  state  of  an  ideal  gas  is  used  to  determine  the  pressurizeu  volume  and  the 
significant  gas  weights.  This  equation  in  other  forms  is  used  to  convert  the  test  leak  rate  to 
a  leak  rate  of  a  gas  mixture  uf  50  percent  nitrogen  and  50  percent  oxygen  under  orbital  condi¬ 
tions  of  an  internal  pressure  of  7. 5  psia  and  an  external  pressure  of  0  for  practical  purposes. 
The  absolute  pressure  used  In  determining  the  converted  leak  rate  is  based  on  a  constant  vol¬ 
ume  of  gas  at  r,  reference  temperature  of  75°F. 

The  equation  of  state  of  an  ideal  gas  is 

144  PAP  v  wRT’  !  i  |  (74) 


whore 


pAp  absolute  pressure  (psia), 

V  -  volume  (ft^), 

w  =  weight  (lb), 

R  =  specific  gas  constant  (ft-lb/lb-°R), 

T’  -  temperature  (°R). 

When  the  pressure,  weight, and  temperature  are  known,  the  volume  of  a  specific  gas  can 
be  found  from  Equation  74  in  the  form 


wRT 
144 


PAP 


(75) 


When  the  pressure,  volume,  and  temperature  are  known,  the  weight  of  a  specific  gas 
can  be  found  from  Equation  74  in  the  form 


H4 pAp V 
RT* 


(78) 
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When  the  weight  and  volume  of  a  specific  gas  are  held  constant,  the  ratio  of  the  pres¬ 
sure  to  the  temperature  is  constant.  This  is  expressed  as 


pAP  wR 
T'  ~  7*4 v"  - 


(77) 


From  Equatton  77, 

Pi  p2 
Tj~  =7ry  orP2 


m 


where 


p|  =  pressure  (psia)  at  temperature  Tj  (°R), 

Pg  =  pressure  (psia)  at  temperature  T|>  (°R). 

m 

When  the  volume  and  temperature  of  a  specific  gas  are  held  constant,  the  ratio  of  the 
weight  to  the  pressure  is  constant.  This  is  expressed  as 


_w _ 144V 

pAP  RT' 


constant . 


From  Equation  79, 


w2 


^1^2 

Pi 


(80) 


where 

Wj  weight  (lb)  at  pressure  pj  (psia), 
w 2  =  weight  (lb)  at  pressure  p2  (psia). 

The  equation  of  state  of  an  ideal  gas,  Equation  74,  can  also  be  expressed  in  another  sys¬ 
tem  of  units  in  the  form 


144  Pap  v  “  7f  R’f 


(81) 


where 


1  -  temperature  (°K), 


M  molecular  weight  (lb  mole), 


R1  -  universal  gas  constant  having  the  same  value  for  all  gases  (ft-lb/mole  -°K). 

When  the  same  pressure,  volume,  and  temperature  are  held  constant  for  any  two  gases, 
Equation  81  indicates  that  the  ratios  of  the  gas  weight  to  the  molecular  w eight  of  the  two  gases 
are  equal.  This  is  shown  by 


7L  144  pAPv 

Ml  M2  r'T 


constant 


(82) 


where 

wj  -  weight  of  gas  (ib)  with  molecular  weight  (lb/mole), 
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Wo  -  weight  of  gas  (lb)  with  molecular  weight  M2  (lb/mole). 

It  is  also  known  that  the  weight  of  gas  flowing  through  an  orifice  is  proportional  to  the 
velocity  of  flow.  The.  for  a  specified  period  of  time, 

w  =  Cv  (83) 

where 


w  =  weight  flow  lb), 

C  -  proportionality  constant  (lb/Mach  number), 
v  =  velocity  (Mach  -lumber). 

Equation  83  can  then  be  expressed  in  the  form 


wi 

V1 


Wo 

— —  -  C  =  constant 
v2 


(84) 


where 


w'i  -  weight  flow  (lb)  in  a  specified  time  at  a  velocity  of  vj  (Mach  number), 

W2  =  weight  flow  (lb)  in  the  same  specified  time  at  a  velocity  of  v3  (Mach  number). 

When  the  tunnel  was  Initially  pressurized  from  the  compressed  air  bottle,  the  inflation 
pressure  and  the  gas  temperature  and  weight  were  recorded.  Using  the  test  data  recorded  in 
Table  XVIII  and  Equation  75,  with  R  =  53.30  ft-lb/lb-°R  for  air  and  0.072  pcf  for  the  density 
of  air  at  29.  15  inches  of  mercury  and  77°F,  the  expanded  tunnel  volume  is  determined: 

,,  wRT’  <wc  -t  pV)  R  (460  +  T)  (3.88  +  0. 072V)(53. 30)(460  +  77) 

V  "  144  pAp  “  “  “144  pAp  ‘  144  (21.83)  ' 

144(2i.63)  V  -  53.30  (537)  (3.88  +  0.072V). 

V  =  103  ft3. 


The  leak  rate  is  established  for  the  one-day  (24-hour)  leak  test  and  the  seven-day  leak 
test  by  determining  the  weight  of  air  lost  in  leakage  per  day  and  converting  this  loss  into  an 
equivalent  loss  of  a  mixture  of  50  percent  nitrogen  and  50  percent  oxygen  at  a  pressure  of  7.  5 
psia  at  75° F  leaking  into  a  vacuum. 

The  weight  of  air  lost  is  given  by 

WLT  “  WI  '  V'F  +  wc  (85) 

where 


Wj  j  =  weight  of  air  lost  during  the  test  (lb), 
wj  =  initial  weight  of  piessurized  air  (lb), 

Wp  =  final  veight  of  pressurized  air  (lb), 

wc  -  weight  of  air  added  due  to  cylinder  weight  decrease  (lb). 
From  Equation  7G  with  V  =  103  ft3  and  R  -  53.30  ft-lb/lb-°R  for  air, 
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(86) 


144  pApi  (103)  278-3  PApi 

WI  "  53.  30  (460  +  Tj)  =  4»  0  +  Tj 


where 


p^pj  =  initial  pressure  (psia), 
Tj  =  initial  temperature  (°F). 


278. 3  Papf 

WF  "  460  +  Tf  *8 

where 

Papf  =  final  pressure  (psia), 

T f  =  final  temperature  (°F). 

The  average  pressure  for  the  leak  test  is  corrected  to  the  value  at  the  reference  tem¬ 
perature  of  75°F  by  using  Equation  7£. 


PAT  = 


PACI  +  pACF 
2 


PAT  "  average  leak  test  pressure  (psia), 
p Ac i =  initial  corrected  pressure  (psia), 

Pac  f  -  final  corrected  pressure  (psia). 

Ir.  converting  the  weight  of  air  lost,  during  the  test  to  the  weight  that  would  have  been  lost 
in  orbit  at  an  inflation  pressure  of  7.  5  psia,  Equation  80  is  used. 

7.5wit  , 


where 

w  -  converted  weight  of  air  lost  (lb)  due  to  a  different  pressure. 

Lp 

The  velocity  of  flow  through  an  orifice  is  a  function  of  both  the  absolute  pressure  and  the 
pressure  differential  across  the  orifice.  The  velocity  of  flow  iMach  number)  as  a  function  of 
absolute  pressure  and  pressure  differentia!  is  given  in  standard  tables.  From  Equation  34, 

wi.T  vO  mm 


where 

v/,  converted  weight  of  air  lost  (lb)  due  to  a  different  in  velocity, 
Lv 

vf,  velocity  of  flow  in  orbital  conditions  (Mach  number), 


=  velocity  of  flow  during  the  leak  test  (Mach  number). 


In  converting  the  weight  of  air  lost  during  the  test  to  the  weight  of  a  gas  mixture  of  50 
percent  nitrogen  and  50  percent  oxygen,  which  would  have  be lost  it  orbit  under  identical 
conditions,  Equation  82  is  used. 


wLm 


wltmn 


(91) 


where 

=  converted  weight  loss  (lb)  of  the  mixture  due  to  different  molecular  weights, 

Mn  =  molecular  weight  of  mixture  0b/mole), 

=  molecular  weight  of  test  gas,  air  (lb/mole). 

Thus,  the  factors  that  must  be  considered  in  converting  the  leak  rate  in  terms  of  the 
weight  loss  of  air  during  the  .est  to  the  equivalent  weight  loss  of  a  mixture  of  50  percent  nitro¬ 
gen  and  50  percent  oxygen  with  a  pressure  of  7.  5  psia  a'.  75°F  leaking  into  a  vacuum  are  the 
absolute  pressures  involved,  the  velocitie  >  of  the  loss  flow,  and  the  molecular  weights  of  the 
gases  considered.  The  weight  loss  of  the  mixture  under  orbital  conditions  is  then  determined 
by  combining  Equations  89,  90,  and  91  as  follows: 


where 

w.  n  =  converted  equivalent  weight  loss  of  the  nitrogen- oxygen  mixture  under  orbiial 
conditions  (lb). 

Since  the  weight  of  air  lost  during  the  test,  wlt  >n  Equation  89,  is  determined  for  the 
total  test  ‘ime,  it  should  be  expressed  in  terms  oi  a  daily  basis  for  determining  the  equivalent 
orbital  leak  rate.  Therefore, 


w 


LTD 


(93) 


where 

WLTD  =  dailJ  weight  °,r  air  lost  during  the  test  (lb  day), 
t  -  total  test  time  (days). 

Equation  92  can  then  be  expressed  in  terms  of  a  daily  weight  loss  by  the  use  of  Equation  93. 
Then 


where 


wLOD  -  converted  equivalent  daily  weight  loss  of  the  nitrogen- oxygen  mixture  under  or- 
bit:d  '’onditions  (lb  day). 

Using  Equations  85,  86,  67,  93,  and  9;  in  conjunction  with  the  data  in  Table  X VIII,  the 
leak  rates  are  determined. 
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Table  XVHI.  Ambient  Atmosphere  Leak  Test  Data 


j 

■Essm 

B 

w„ 

pBH 
(in.  Hg) 

PGH 
(in.  Hg) 

PGP° 

(psi) 

PAH** 

(in.  Hg)! 

PAP* 

(psia) 

PAC- 

(peia) 

PAT* 

(psia) 

I  Test 

Final 

(F) 

(days) 

(lb) 

Volume 

Determination 

D 

■ 

77 

B 

29. 15 

15.30 

7.51 

44.45 

21.83 

— 

— 

One -Day 

X 

■ 

0 

B 

29.30 

10.02 

49.70 

24.41 

24.32 

Leak  Test 

H 

1 

■ 

29.  ’0 

15.70 

7.71 

44.80 

22.00 

21.80 

23.06 

Seven- Day 

!  X 

I 

0 

72 

0 

28.83 

15.40 

7.56 

44.23 

21.72 

21.84 

Leak  Test 

X 

7 

75 

7.75 

29. 15 

15.50 

7.61 

44.  G5 

21.93 

21.93 

21.88 

“PGP  =  0,4912  PGH‘  bpAH  =  PBH  +  PGH‘  ‘  PAP  =  0,4912  PAH‘ 


pAPI  +  PACF 

(See  Equation  76./  *Pat  =  - - 2 -  •  Equation  88.) 


The  values  in  T  ble  XVIII  used  in  determining  the  leak  rate  for  the  one-day  leak  test 


are  as  follows: 


PApf  =  24,41  Psia' 

T 

Tj  =  ?7°F. 

VT 

PAPF  =  22'00  psia' 

vO 

TF  =  80°F 

mt 

=  23.  06  psia. 

mn 

w  =0. 

c 

From  Equation  86, 

278.3pApi 

278.3  (24.41)  .„ 

WI  460  +  Tj 

460  +  77  *  1 

From  Equation  87, 

278-3pAPF 

278.3  (22.001 

460’  .  80  "  11 

H  F  460  -  r 

r 

From  Equation  85, 

wr.r  wi  '  wf  " 

w  12.65  -  11.34 

c 

From  Equal  ion  93. 

WLT  1. 
WLTD  -  1 

-  1.31  11/  day. 

=  1  day. 

=  Mach  0. 89  (p's  23  psia,  Ap’=  9  psia). 

-  Mach  1.00  (p'  =  7.5  psia,  Ap'  =7.5  psia). 
=  29  lb  mole  (air). 

=  30  lb  mole  (50f,V  nitrogen,  50("  oxygen). 


65  lb. 

34  lb. 

•  0  1.31  lb. 


144 


ft 


4 


IKKv^.-V  - 


From  Equation  94, 


w 


LOD 


»LTD  (^)g)  *  *•»  tiftftSXS)  * 


The  leak  rate  for  the  one-day  leak  test  is  therefore  1. 31  lb/day  for  air  under  ambient 
conditions.  The  equivalent  loss  of  the  nitrogen- oxygen  mixture  under  orbital  conditions  is 
0. 50  lb/day. 

The  values  in  Table  XVIII  used  in  determining  the  leak  rate  for  the  seven-day  leak  test 
are  as  follows: 


pApi  =  2!.  72  psia. 


=  72°F. 


pApp=  21-93  psia* 


=  75°F. 


p^T  =  21.88  psia. 


t  =7  days. 

=  Mach  C.  78  (p*-  22  psia,  Ap’=  7. 5  psia). 

=  Mach  1.00  (p1  =  7.5  psia,  Ap’  =7.5  psia). 
=  Jb/mole  (air). 

=  30  lb/mole  (50%  nitrogen,  50%  oxygen). 


vO 

M-p 


M 


■N 


w 


=  7.75  lb. 


11.36  lb. 


From  Equation  86, 

278. 3pAPj  278.3  (21.72) 

1  460  +  Tj  ~  460  +  72 

From  Equation  87, 

278-3pAPF  278.3  (21.93)  . 

'  iCA  o’  A  ct\  n  e  —  11*41 


F  460  +  T 


From  Equation  85, 


460  4  75 


lb, 


wr  „  =  wT  -  w_  r  w  =  11.36  -  11.41  +  7.75  =  7.70  lb. 
LT  I  F  c 


From  Equation  93, 
w 


wltd 


LT  7.70 


1. 10  lb  day. 


From  Equation  94, 


w 


LOD 


"  Wltd(i'a 


5 

AT 


_t> 

;T,' 


N 


=  K1°  feriai  (of)  (I)  =  °- b0  lb  diy' 


The  leak  rate  for  the  seven-day  leak  test  is  therefore  1.10  ib  day  for  *ir  under  ambient 
conditions.  The  bivalent  loss  of  the  nitrogen-oxygen  mixture  under  orbital  conditions  is 
0.  50  lb  day.  Thus  the  equivalent  leak  rates  under  orbital  conditions  are  the  same  for  the  one- 
day  leak  test  prior  to  folding  and  packaging  for  the  oeven-day  leak  test  subsequent  to  the 
packaging  test.  The  conclusion  is  then  drawn  that  foidtng  and  packaging  have  no  degrading  ef¬ 
fects  on  the  gaB  tightness  of  the  composite  tunned  wall,  i.c.,  the  pressure  bladder. 
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0, 50  lb/day. 


From  Equation  94, 

wLOD  =  WLTD  (p^)(^)  (m^)  =  131  (20s)(0f)(l)  “ 

The  leak  rate  for  the  one-day  leak  test  is  therefore  1.31  lb/day  for  air  under  ambient 
conditions.  The  equivalent  loss  of  the  nitrogen-oxygen  mixture  under  orbital  conditions  is 
0.  50  lb/day. 

The  values  in  Table  XVIII  used  in  determining  the  leak  rate  for  the  seven-day  leak  test 
are  as  follows: 


p^pj  =  21.72  psia. 

T 

Tj  =  72°F, 

VT 

PAPF=  21,93  P814, 

V° 

Tp  =  75°F. 

m-j 

PAT  =  21-88Psia* 

Mh 

w  =7.75  lb. 

c 

=  7  days. 

=  Mach  0.78  (p's  22  psia,  Ap'?  7.5  psia). 

=  Mach  1.00  (p'  =  7.5  psia,  Ap'  =7.5  psia). 
=  lh/mole  (air). 

=  30  lb/mole  (50%  nitrogen,  50%  oxygen). 


4 


From  Equation  86, 


From  Equation  87, 

.  278-3pAPF,  278.3  (21.93j_ 

»r  -  Ann  rn  Ann  .  n c  H.11  1U. 


460  +  T, 


460  +  75 


From  Equation  85, 

WLT  =  WI  ‘  WF  +  wc  »  n-36  -  n-41  +  7-75  =  7-70  lb* 


From  Equation  93, 


w 


w 


LT  7.70 


LTD 


=  1. 10  lb/day. 


From  Equation  94, 


=  0. 50  lb/day. 


The  leak  rate  for  the  seven-day  leak  test  is  therefore  1. 10  lb/day  for  air  under  ambient 
conditions.  The  equivalent  loss  of  the  nitrogen-oxygon  mixture  under  orbital  conditions  is 
0. 50  lb/day.  Thus  the  equivalent  leak  rates  under  orbital  conditions  are  the  same  for  the  one- 
day  leak  test  prior  to  folding  and  packaging  as  for  the  seven-day  leak  test  subsequent  to  the 
packaging  test.  The  conclusion  is  then  drawn  that  folding  and  packaging  have  no  degrading  ef¬ 
fects  on  the  gas  tightness  of  the  composite  tunnel  wall,  i.e. ,  the  pressure  hladder. 
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E.  CYCLIC  PRESSURE  TEST 

1.  (tenoral 

The  purpose  of  the  cyclic  pressure  test  was  to  establish  the  structural  integrity  of  the 
tunnel  from  the  standpoint  of  durability  with  respect  to  cyclic  loading  intended  to  simulate 
Iiossible  pressurization  and  depressurization  cycles  in  orbital  applications.  The  test  con¬ 
sisted  of  cycling  the  tunnel  internal  pressure  from  a  vacuum  to  a  pressure  of  7.  5  psig  for  60 
cycles  in  a  short  period  of  time  while  the  structure  was  observed  for  possible  deformations. 

2.  Test  Procedure 

The  test  arrangement  was  similar  to  the  proof  test  with  filtered  inflation  air  supplied 
by  a  shop  air  line  except  that  a  vacuum  line  was  also  attached  to  the  cover  plate  on  the  MSS 
access  hatch.  Starting  the  test  with  the  tunnel  internal  pressure  at  ambient  atmospheric  pres¬ 
sure,  the  tunnel  was  rapidly  pressurized  to  7.  5  psig  in  approximately  20  seconds.  After  the 
pressure  was  allowed  to  stabilize  for  a  few  seconds,  the  vacuum  line  was  opened  and  the 
tunnel  was  evacuated  until  the  expandable  wall  started  to  collapse.  The  vacuum  line  was  then 
closed  and  the  air  supply  line  was  opened  to  start  the  pressurization  part  of  the  next  cycle. 

This  procedure  was  repeated  until  the  tunnel  had  been  pressurized  60  times. 

3.  Test  Results 

The  vere  no  visual  signs  of  rigid  structure  deformation  during  the  test.  At  the  com¬ 
pletion  of  the  test,  no  visible  signs  of  any  damage  could  be  detected.  The  cyclic  pressure  test 
together  with  the  pressure  proof  test  demonstrated  the  structural  integrity  of  the  tunnel. 

K.  VACUUM  CHAMBER  DEPLOYMENT  TEST 

1.  General 

The  purpose  of  the  vacuum  chamber  deployment  test  was  to  demonstrate  the  operational 
aspects  of  the  tunnel  by  a  deployment  and  pressurization  sequence  performed  under  vacuum 
conditions  of  10"^  torr  and  to  establish  the  tunnel  leak  rate  under  the  same  conditions  by  a  24- 
hour  leak  test.  The  test  was  intended  to  simulate  packaging,  canister  ejection,  and  subsequent 
tunnel  deployment  in  orbit.  The  test  was  conducted  in  the  Aerospace  Environmental  Facility 
(AEF)  40  by  80  foot  Mark  I  vacuum  chamber  at  the  Arnold  Engineering  Development  Center 
(AEDC),  Tennessee. 

2.  Test  Procedure 

The  detailed  test  plan  is  presented  in  Reference  24,  which  was  submitted  to  AEDC  for 
formal  approval  by  ARO,  Inc  and  the  Air  Force.  The  procedure  discussed  here  is  a  resume' 
of  the  procedure  presented  in  Reference  24. 

The  test  carrier  with  the  packaged  tunnel  attached  was  lowered  into  the  vacuum  chamber 
through  the  22-foot  diameter  access  port.  This  operation  is  shown  in  Figure  102.  The  pack¬ 
aged  tunnel  was  rotated  into  an  inverted  position  for  deployment  so  that  the  canister  cover 
could  bo  jettisoned  in  the  one-G  environment.  The  instrumentation  and  controls  were  then 
connected  to  the  tunnel  and  the  instrumentation  penetration  flange  in  the  chamber  wall.  The 
tunnel  installation  is  shown  in  Figure  103,  and  the  instrumentation  flange  is  shown  in  Figure 
104.  After  all  of  these  connections  were  checked,  the  connections  were  made  to  the  instru¬ 
mentation  control  panel  and  the  entire  system  was  checked.  The  instrumentation  control 
panel  is  shown  in  Figure  105.  GAC-supplied  equipment  and  instrumentation  are  shown  in 
Figure  106.  The  chamber  was  then  sealed,  and  pump-down  was  started. 

During  the  pump-down  to  3  x  10*5  torr,  the  solenoid  valves  mounted  on  the  access  hatch 
cover  plates  were  actuated  to  allow  the  packaged  tunnel  internal  pressure  to  decrease  coinci¬ 
dentally  with  the  chamber  pressure.  This  was  done  so  that  the  elastic  recovery  action  of  the 
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Figure  102.  Tunnel  Doing  Placed  in  the  Mark  I  Chamber 


meteoroid  barrier  foam  as  a  deployment  device  could  be  evaluated.  If  the  solenoid  valves  had 
not  been  opened,  the  pressure  oi  the  entrapped  gas  in  the  packaged  tunnel  would  have  increased 
sufficiently  to  deploy  the  tunnel  to  the  desired  configuration  when  the  canister  was  ejected. 
When  the  chamber  pressure  was  stabilized  at  3  x  10-5  torr,  the  solenoid  valves  were  closed. 
The  pressure  of  the  tunnel  entrapped  gas  was  4  torr. 

The  canister  cover  was  ejected  by  firing  the  pyrotechnic  guillotines  that  cut  the  12  canis¬ 
ter  separation  screws,  allowing  the  canister  cover  to  fall  into  the  canvas  catcher.  Canister 
separation  and  ejection  occurred  as  planned,  with  the  guillotines  supplying  enough  separating 
force  io  actually  hurl  the  canister  cover  away.  However,  the  elastic  recovery  action  of  the 
foam  was  not  sufficient  to  overcome  the  stillness  of  the  packaging  folds  and  shape  the  tunnel. 

It  was  necessary  to  pressurize  the  tunnel  to  about  0.25  psia  to  completely  expand  it  to  the 
proper  design  configuration. 

The  tunnel  was  then  further  pressurized  to  7.  5  psia  with  carbon  dioxide.  After  the  pres¬ 
sure,  temperature,  and  growth  had  been  allowed  to  stabilize  for  almost  two  hours,  the  24-hour 
leak  check  was  started.  During  the  test  period,  the  tunnel  pressure  and  temperature  and  the 
chamber  pressure  were  monitored  and  recorded.  Af  the  end  of  the  24-hour  test  period,  the 
chamber  pressure  was  allowed  to  r<  tur  n  to  ambient.  When  the  chamber  pressure  reached  the 
internal  tunnel  pressure,  the  solenoid  valves  were  again  actuated  to  allow  the  tunnel  internal 
pressure  to  increase  with  the  chamber  pressure.  This  was  done  to  prevent  the  tunnel  from 
being  crushed  against  the  test  carrier  and  the  lower  canister  part.  When  the  Mark  I  chamber 
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Figure  107.  Tunnel  Pressurized  at  2  PSIG  after  Deployment  Test 


pressure  reached  ambient  atmospheric  pressure,  the  solenoid  valves  were  closed,  and  the 
tunnel  was  pressurized  to  2  psig  with  carbon  dioxide.  The  chamber  access  hatch  was  then 
opened,  and  the  tunnel  was  examined  for  damage.  The  tunnel  pressurized  to  2  psig  after  the 
leak  test  was  completed  is  shown  in  Figure  107.  There  were  no  visible  signs  of  damage  to  the 
tunnel  as  a  result  of  the  vacuum  chamber  deployment  test. 

3.  Test  Results 

The  packaged  tunnel  in  the  evacuated  Mark  I  chamber  just  prior  to  deployment  is  shown 
in  Figure  19.  The  chamber  pressure  was  3  x  10” 5  torr,  and  the  packaged  tunnel  internal 
pressure  was  4  torr.  Ten  minutes  before  the  deployment  sequence  was  initiated,  the  lights 
were  turned  on  in  the  chamber  so  that  photo  coverage  of  the  test  could  be  made.  At  that  time, 
the  chamber  pressure  was  1.2  x  ’O'5  torr.  When  the  canister  was  jettisoned  with  a  complete 
and  very  rapid  separation,  the  elastic  recovery  action  of  the  composite  wall  foam  was  not  suf¬ 
ficient  to  shape  the  tunnel.  The  deployed  unpressurized  tunnel  is  shown  in  Figure  20.  It  was 
necessary  to  pressurize  the  tunnel  to  about  0.  25  psia  to  completely  expand  it  to  the  design 
configuration.  Sequential  pressurization  is  shown  in  Figures  21  through  23. 

The  24- hour  leak  test  was  started  after  the  tunnel  pressure  and  temperature  had  been  al¬ 
lowed  to  stabilize  for  almost  2  hours.  The  exact  pressures  and  temperatures  at  the  beginning 
and  the  completion  of  the  test  are  given  in  Table  XIX.  Tne  actual  stabilized  tunnel  pressure  at 
the  beginning  of  the  24-hour  period  was  about  7.7  psia.  The  pressure  had  decreased  to  7  psia  at 
the  completion  of  the  test.  During  the  test  period,  the  Mark  I  chamber  pressure,  which  had 
risen  to  5.  5  x  10"  5  torr  during,  the  tunnel  pressurization  with  die  lights  on,  decreased  at  a 
nearly  linear  rate  to  2.  4  x  10"®  torr. 
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Table  XIX.  Vacuum  Chamber  Leak  Test  Data 


M 

PAMV  ” 
(torr) 

PAM 

(torr) 

Pah1 

(in.  Hgl 

PAP‘ 

(psia) 

0  A 
PAC 

(psia) 

pAt# 

(psia) 

IrlB 

BiiiB 

X 

90 

5.  5  x  10' 5 

397 

15. 63 

7.68 

7.47 

f.  12 

X 

92 

2. 4  x  10"5 

362 

14.25 

7.00 

6.7C 

“  =  the  Mark  I  vacuum  chamber  pressure. 


b  PAH  =  0.03937pAM. 

e  ?ap  “  °-01934pam 

—  0. 4912p^|^« 


*  pAC>  turu.cl  internal  pressure  corrected  to  a  reference  temp  of  75°F, 


PAp  (460  +  75) 
4607  T 


535pAP 

460  +  t  ’  Equation  78.) 


pat 


..  PACI  +  PACF 
2 


(See  Equation  88. ) 


The  same  procedure  is  used  to  determine  the  leak  rate  for  the  vacuum  chamber  test  as 
was  used  for  the  ambient  atmosphere  leak  tests.  The  weight  of  carbon  dioxide  gas  in  the  pres 
surized  tunnel  at  both  the  beginning  and  completion  of  the  leak  test  is  determined  from  the 
equation  of  state  of  an  ideal  gas.  The  weight  of  gas  lost  during  the  24-hour  period  is  then  the 
daily  leak  »atc.  The  test  leak  rate  is  converted  to  an  equivalent  leak  rate  of  a  mixture  of  50 
percent  nitrogen  and  50  percent  oxygen  at  a  pressure  of  7. 5  psia  and  a  reference  temperature 
of  75°F,  simulating  orbital  conditions.  The  tunnel  internal  pressure  used  in  converting  the 
leak  rate  is  the  average  test  pressure  corrected  to  the  reference  temperature  of  75°F. 


The  leak  rates  are  determined  by  using  Equation®  85,  86,  87,  9^  and  94  modified  by  the 
use  of  R  =  35.  13  ft-lb/lb-°R  for  carbon  dioxide  instead  of  R  =  53.30  ft- lb/lb- °R  for  air,  and 
with  wc  =  0. 

The  values  in  Table  XIX  used  in  determining  the  leak  rate  for  the  vacuum  chamber  leak 
test  are  as  lollows: 


PAPI  =7. 68  psia. 

Tr  =  90°F. 

PAPF  =  7'00  p8la‘ 

Tp  -  92°F. 

Pat  =  7* 12  Psia- 
r  =1  day. 

v^  =  Mach  1.00  (p1'  7  psia,  Ap’  =  7  psia). 


v'0  =  Mach  i.00  (p'  =7.5psia,  Ap  7 ,  5  psia). 

M  =  44  lb/mole  (carbon  dioxide). 

=  30  lb/mole  (50%  nitrogen,  50%  oxygen). 

N 

From  Equations  86  and  87  with  R  -  35.  13  fi-lb/lb-  °R, 

144  (pAPI)(103)  422,2pAPI  _  422.2  (7.68)  .  *  Qn  1K 

WI  "  35.  13  (460  +  fjT  460  +  Tx  "  460  +  90  ^ 


422,2pAPF  422.2  (7.00) 

WF  ”  460  i  Tf  “  460  +  92 


5.35  lb. 


From  Equations  85  and  93  with  wc  =  0  and  r  =  1, 


w 

wT  =  wr  -  wr  =  5.90  -  5.35  =  0.55  lb/day. 

LTD  '  1  * 

From  Equation  94,. 


wLOD  r  WLTD 

The  leak  rate  for  the  24- hour  leak  test  is  then  0.  55  lb/day  for  carbon  dioxide  under 
vacuum  chamber  test  conations.  The  equivalent  loss  of  the  nitrogen-oxygen  mixture  under 
orbital  conditions  is  0.40  lb/day.  This  leak  rate  compares  quite  favorably  with  the  leak  rate 
of  G.  50  lb/day  established  by  the  -mbient  atmosphere  leak  tests,  being  only  80  percent  of  the 
ambient  atmosphere  test  value.  The  conclusion,  therefore,  is  that  the  vacuum  environment 
has  no  degrading  effects  on  the  gas  tightness  of  the  pressure  bladder  of  the  tunnel  composite 
wall. 


%_5_ 
PAT  / 


;  \  /  v0\  /  mm\  /  7. 5\  /l.OOWam  .  . 

;) (-%){* c)  *  55  fe)  (tans i  ■  »•“ 


G.  ZERO-G  FLIGHT  TEST 

The  purpose  of  the  iiight  tests  is  tunnel  evaluation  and  check-out  from  a  human  factors 
standpoint  under  conditions  of  no  gravity  (zero  G).  Ihe  flight  tests  will  be  conducted  at 
Wright- Patterson  AFB  in  the  KC-135  zero-G  aircraft,  which  is  capable  of  simulating  zero-G 
in  multiple  trajectories,  each  up  to  30  seconds  in  duration.  During  these  tests  the  tunnel  will 
be  unpressurized  and  will  depend  entirely  on  the  inherent  stiffness  of  the  composite  wall  ma¬ 
terial  to  maintain  the  expanded  tunnel  geometry.  Transfers  will  be  conducted  in  both  pressur¬ 
ized  and  nonpressurized  space  suits  from  both  ends  of  the  tunnel,  simulating  either  exit  from 
or  return  to  either  the  MSS  or  the  Gemini  capsule.  The  astronaut  will  be  encumbered  by  um¬ 
bilical  cablco  t<j  determine  tneir  effect  on  transfer. 

The  objective  of  these  flight  test,  will  be  to  ..heck  out  the  tunnel  geometry  and  the  loco¬ 
motion  devices  and  interior  lighting  needed  for  effective  transfer  through  the  tunnel.  In  addi¬ 
tion  to  ascertaining  man’s  ability  to  transfer  through  the  tunnel  in  zero  G,  the  ability  to  trans¬ 
fer  equipment  will  also  be  evaluated.  In  this  respect,  simulated  equipment  packages  of  ap¬ 
proximately  one  cubic  foot  in  volume  will  be  used,  hi  addition,  tests  will  be  conducted  to  de¬ 
termine  whether  or  not  an  incapacitated  astronaut  can  be  transferred  through  the  tunnel  by 
another  astronaut.  The  final  area  to  be  evaluated  is  man’s  ability  to  use  the  GAC  repair  kit  in 
zero  G  to  repair  simulated  tunnel  damage. 

Since  the  tunnel  expanded  geometry  and  locomotion  aids  were  prescribed  by  the  simulated 
tunnel  mock-up  previously  used  successfully  to  demonstrate  zero-G  transfers,  no  major  prob¬ 
lems  are  anticipated  in  regard  to  the  test  flights.  The  results  c.  Ihe  flight  te^is  will  be  re¬ 
ported  In  Part  HI  of  this  report. 


152 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

Under  this  contract,  the  design  aspects  of  an  expa  Jable  modular  crew  transfer  tunnel 
were  investigated,  and  practical  solutions  were  evolved.  A  preliminary  detailed  design  with¬ 
in  the  current  state  of  the  art  was  then  executed,  and  a  prototype  tunnel  was  fabricated.  Pre¬ 
liminary  qualification  testing  was  conducted  on  the  prototype  tunnel  to  establish  the  feasibility 
of  the  design  for  application  to  actual  apace  missions.  The  testing  program  involved  deter¬ 
mination  of  the  structural  integrity  and  gas  tightness  of  the  structure  and  evaluation  of  opera¬ 
tional  aspects  of  the  design. 

The  design  was  oriented  specifically  toward  operational  and  packaging  integration  with 
the  Gemini-  MSS  vehicle,  with  a  minimum  amount  of  vehicle  modification  and  a  minimum  ef¬ 
fect  on  vehicle  operation  and  flight  characteristics  as  design  goals.  The  preliminary  design 
features  an  expandable  tunnel  that  when  folded  and  prepackaged  as  a  unit  in  the  packaging  can¬ 
ister,  can  be  delivered  to  the  launch  pad  as  a  module  and  is  attached  to  the  launch  vehicle  only 
at  the  Gemini  and  MSS  hatch  locations  with  quick- disconnect  fasteners.  In  the  event  of  mis¬ 
sion  abort,  the  entire  tunnel  system  can  be  jettisoned  as  a  unit,  leaving  the  Gemini  hatch  clear 
for  astronaut  ejection.  The  packaging  canister  is  designed  to  present  a  minimum  drag  a~ea 
when  the  packaged  tunnel  is  attached  to  the  vehicle  in  the  launch  configuration.  Detail  design 
of  the  canister  for  specific  mission  applications  with  the  attendant  aerodynamic  ivyads  and  aero¬ 
dynamic  heating  involved  was  beyond  the  scope  of  this  program  effort. 

The  supporting  analysis  portion  of  the  program,  which  was  conducted  in  conjunction  with 
the  design  effort,  gave  emphasis  to  the  following: 

(1)  Thermal  analysis  indicates  that  the  tunnel  internal  temperature  can  be  maintained 
at  a  comfortable  level  by  the  use  of  passive  thermal  control  coatings  for  most  pos¬ 
sible  orbits  and  tunnel  orientations.  The  same  coatings  will  also  maintain  the  tem¬ 
peratures  of  the  tunnel  structural  elements  within  the  thermal  limits  of  material 
capabilities. 

(2)  Structural  analysis  indicates  that  maintaining  safety  factors  of  live  on  the  expand¬ 
able  material  and  three  on  the  hard  structure  presents  no  problems  with  the  use  of 
existing  materials  and  fabrication  techniques. 

(3)  Environmental  hazards  analysis  indicates  that  the  tunnel  material  has  a  resistance 
to  high  energy  space  radiation  considerably  in  excess  of  the  exp>ected  mission  dosage 
with  no  significant  degradation, while  providing  micrometeoroid  protection  with  a 
probability  of  zero  penetrations  for  a  60-day  mission  of  at  least  0.995. 

(4)  Materials  selection,  wmch  included  the  investigation  and  selection  of  the  most  de¬ 
sirable  fabrication  techniques  and  the  sample  qualification  testing  oi  candidate 
materials  and  processes,  was  instrumental  in  establishing  the  materials  designated 
for  use  in  the  tunnel  design.  The  selection  resulted  in  the  use  of  materials  that  have 
been  proved  satisfactory  from  standpoints  of  structural  integrity,  abrasion  resist¬ 
ance,  fabrication  applicability,  and  resistance  to  environmental  conditions.  The 
latter  group  includes  resistance  to  radiation  damage  and  micrometeoroid  penetra¬ 
tion,  good  permeability  and  nontoxic  off-gassing  characteristics  in  vacuum  condi¬ 
tions,  and  thermal  capabilities  within  the  limitations  established  by  the  passive 
thermal  control  coating. 
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The  prototype  tunnel  preliminary  qualification  testing  pr<>cram  wa*.  sucressfi.  -h  the 
following  areas: 

(1)  The  practicality  of  the  launch  configuration  of  the  tunnel  was  established  by  packag¬ 
ing  tests,  which  determined  the  most  efficient  folding  procedure  to  achieve  a  mini¬ 
mum  packaging  height.  The  packaging  tests  also  established  the  inherent  stiffness 
of  the  composite  wall  material  by  demonstrating  that  the  tunnel  maintains  its  design 
configuration  i;.  a  non- pressurized  condition  even  after  repeated  folding  and  pack¬ 
aging  operations. 

(2)  The  structural  integrity  and  durability  of  the  tunnel  were  established  by  the  pres¬ 
sure  proof  test  and  the  cyclic  pressure  test.  The  prototype  tunnel  was  pressurized 
for  seven  days  at  10  psi,  1.33  times  the  7.5-psi  design  pressure,  and  then  subjected 
to  60  cycles  of  pressure  loading.  Each  cycle  consisted  of  evacuating  the  tunnel  to 
an  internal  vacuum  condition  and  then  pressurizing  the  tunnel  to  the  design  pressure 
of  7.  5  psi  in  approximately  20  seconds.  At  the  completion  of  these  tests,  no  signs 
of  excessive  deformation  or  damage  could  be  detected. 

(3)  The  leak  tightness  wf  the  tunnel  was  established  by  a  one-day  leak  test  prior  to 
packaging,  a  seven-day  ambient  atmosphere  leak  test  subsequent  to  the  packaging 
tests,  and  a  onc-day  leak  test  in  a  vacuum  chamber  at  an  average  pressure  of  4  x 
10-5  torr  following  the  vacuum  chamber  deployment  test.  Both  the  one-day  and 
seven-day  leak  tests  under  ambient  conditions  established  leak  rates  converted  to 
orbital  conditions  of  0.5  Ib/day,  which  is  only  one-half  the  allowed  value,  indicating 
that  folding  and  packaging  have  no  adverse  effects  on  the  leak  rate.  The  one-day 
vacuum  chamber  leak  test  established  a  converted  leak  rate  of  C.4  lb/day, 

tiating  the  results  of  the  leak  tests  under  ambient  conditions. 

(4)  The  vacuum  chamber  deployment  test  successfully  demonstrated  the  operational  as¬ 
pects  of  canister  separation  and  tunnel  deployment.  The  deployment  test  at  a  vacuum 
chamber  oressure  of  3  x  10" s  torr  resulted  in  a  clean  and  very  rapid  canister  sep¬ 
aration  and  ejection  and  a  partial  deployment  of  the  packaged  tunne'  with  no  internal 
pressure.  A  pressure  of  about  0.25  psia  was  necessary  to  completely  expand  ihe 
tunnel  to  its  design  configuration. 

Finally,  the  prototype  tunnel  will  be  evaluated  and  checked  out  from  a  human  factors 
standpoint  under  conditions  of  no  gravity  by  tests  simulating  actual  transfers  in  the  KC-135 
zero-G  aircraft  at  Wright- Patterson  AFB.  Since  zero-G  flight  tests  have  already  been  suc¬ 
cessfully  performed  in  a  simulated  tunnel  wooden  mock-up,  no  problems  are  anticipated  in 
this  area. 

The  results  of  this  program  effort  show  that  every  develooment  objective  has  been  met. 
The  expandable  Gemini  to  MSS  modular  crew  transfer  tunnel  is  entirely  feasible  and  within 
the  present  state  of  the  art.  In  addition,  the  materials  and  fabrication  techniques  used  in  this 
program  have  demonstrated  characteristics  that  should  make  them  attractive  for  other  expand¬ 
able  space  structures  applications.  The  characteristics  of  orimary  interest  include  leak  tight¬ 
ness,  structural  integrity,  resistance  to  the  effects  of  spacu  environment,  packagability, 
ability  to  be  integrated  with  "hard"  structure,  and  adaptability  to  desired  geometric  configura¬ 
tions. 

B.  RECOMMENDATIONS 

In  view  of  the  results  of  the  preliminary  design,  prototype  fabrication,  and  preliminary 
qualification  u-sting  program,  further  detailed  definition  of  the  design  and  extensive  qualifica¬ 
tion  testing,  culminating  in  operational  space- qualified  and  man-rated  flight  hardware  via  an 
unmanned  space  flight,  are  recommended.  Specifically,  the  following  efforts  are  recommended 
as  a  logical  extension  of  the  program : 
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( 1 )  Direct  further  detailed  design  efforts  toward  reducing  the  packaging  height  and 
launch  weight  of  the  preliminary  design. 

(2)  Initiate  studies  of  specific  mission  applications  with  respect  to  the  design  of  definite 
passive  thermal  control  systems  associated  with  specific  orbits  and  orientations. 

(3)  Construct  scale-model  canisters  and  conduct  wind  tunnel  tests  to  determine  aero¬ 
dynamic  loading  and  heating  characteristics  on  the  canister  and  to  determine  canis¬ 
ter  effects  on  the  vehicle  system  flight  characteristics. 

(4)  Construct  several  full-scale  tunnels  for  extensive  qualification  testing  and  installa¬ 
tion  compatibility  chectcs.  The  testing  program  should  terminate  in  an  unmanned 
test  flight  to  establish  the  tunnel  as  space- qualified  and  man- rated  flight  hardware. 

In  line  with  these  recommendations,  a  program  development  plan  is  included  in  Section 

vm. 
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SECTION  VIE 


PROGRAM  DEVELOPMENT  PLAN 


A.  PHASE  n  -  EXPANDABLE  TUNNEL  PRELIMINARY  QUALIFICATION 

The  tunnel  program  development  plan  is  shown  in  Figure  108.  The  Phase  II  program  Is 
scheduled  lor  completion  in  six  months.  During  the  program,  wind  tunnel  tests  will  be  run  on 
the  Gemini-  MSS  vehicle  with  a  canister  to  determine  the  aerodynamic  loads  and  heating  on  the 
Canister  and  the  effects  of  the  canister  on  launch  vehicle  aerodynamics.  A  full-scale  transfer 
tunnel  will  be  fabricated  using  the  Phase  I  design  with  a  modified  canister.  During  Phase  HI 
the  tunnel  will  be  used  as  a  mock-up  and  also  to  run  design  proof  tests  of  breadboarded  subsys¬ 
tems. 


Operational  analysis  tesis  will  be  run  using  the  existing  tunnel  model  to  determine  the 
most  feasible  methods  for  deploying  the  tunnel  from  botn  a  mechanical  and  a  human  factors 
viewpoint.  Emphasis  will  also  be  placed  on  defining  the  MSS -tunnel  integration  requirements. 
Work  will  also  be  started  on  defining  subsystem  areas  and  writing  preliminary  specifications 
for  each  area.  Whc-e  necessary,  procurement  specifications  will  be  prepared  to  shorten  the 
procurement  cycle  in  Phase  ID.  The  object  of  the  Phase  II  elfort  will  be  to  obtain  the  neces¬ 
sary  design  and  test  data  to  complete  a  arm  base-line  design. 

B.  PHASE  m  -  EXPANDABLE  TUNNEL  QUALIFICATION  PROGRAM 

Phase  DI  includes  final  detailed  design  of  the  tunnel,  Lubrication  of  five  units,  final 

— *  M  it*" at  1  Holii.Arv 

•*  •  -  -  -  . .  .  r^r  -  ^ 

1.  Final  Design 

Piuse  III  deta’led  design  is  scheduled  to  start  the  seventh  month,  and  by  the  end  of  the 
twelfth  month,  the  final  design  wiil  be  completed  and  all  drawings  will  have  been  released  to 
the  shop.  During  'he  design  program,  deployment  tests  will  be  run  using  the  tunnel  fabricated 
in  Phase  II.  The  effort  will  include  astronaut  locomotion  tests,  vision  and  lighting  tests,  l.atch 
operation  tests,  etc. 

2.  Fabrication 

Plans  now  call  for  five  units  to  be  fabricated.  Unus  No.  1  and  2  will  be1  used  for  system 
qualification  tests.  Unit  No.  1  will  then  be  shipped  to  the  launch  site  to  be  used  for  compata- 
bility  ehecKS.  Unit  No.  3  wilt  be  used  for  the  flight  test,  and  unit  No.  4  will  be  used  as  the 
spare.  The  fifth  unit  will  remain  at  GAC  as  backup  hardware. 

Fabrication  of  the  tooting  and  handling  fixtures  will  start  *n  the  unth  month.  Five  sets 
of  soft  tooling  will  be  required,  one  for  each  unit  fabricated.  There  is  a  possibility  that  an 
expandable  mandrel  couid  be  fabricated  and  reused,  thereby  eliminating  two  sets  of  soft  tool¬ 
ing.  The  last  set  of  tooling  must  be  completed  by  the  sixteenth  month  in  order  to  start  fabri¬ 
cation  of  the  laut  flight  unit  by  the  middle  of  the  nineteenth  month.  The  fabrication  area  must 
bo  exceptionally  clean  and  free  from  all  types  of  debris  (dirt,  metal  shavings,  dust,  etc),  and 
the  humidity  and  temperature  must  be  controlled.  Therefore,  a  specific  area  will  be  set  aside 
and  improved  for  the  fabrication  of  the  tunnel  units. 

3.  Quality  Control  and  Reliability 

A  full-fledged  reliability  and  quality  control  program  will  be  conducted  during  the  Phase 
HI  design,  fabrication,  and  testing  to  provide  tne  maximum  degree  of  assurance  that  the  tunnel 
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units  will  satisfactorily  meet  all  test  objectives.  A  more  detailed  set  of  pr'Kviremeni  and  sys¬ 
tem  specifications  will  also  be  prepared  during  the  Phase  ID  program. 

4.  Testing 

The  test  program  will  be  designed  to  space-qualify  the  hardware  prior  to  the  flight  test. 
The  tests  will  include  standard  component  and  subsystem  qualification,  launch  s^  miation  and 
environmental  teste,  electro-explosive  separation  and  abort  deployment  itsts,  and  pressuriza¬ 
tion  tests  of  the  expandable  crew  transfer  tunnel. 

5.  Delivery 

The  compatibility  unit  (No.  1)  will  be  shipped  to  the  launch  site  at  the  end  of  the  eighteenth 
month.  The  flight  hardware  unit  (No.  3)  will  be  delivered  the  end  of  the  twenty- f  ird  month, 
and  the  flight  unit  spare  (No.  4)  wiil  be  shipped  on  the  twenty- fourth  month  after  program  go- 
ahead. 
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•j  **o?sact  This  report  summarizes  the  design,  analysis,  fabrication,  and  testing  of 
the  F-xpai'.datle  Gemini  to  Manned  Space  Station  (MOD)  modular  crew  transfer  tunnel. 
The  progrpir.  established  the  design  of  a  3-5-ft  die  mc-dular  tunnel  to  be  used  as  a 
pressurized  meteoroid  protective  enclosure  for  astronaut?  transferring  from  the 
Gemini  capsule  to  the  MSS.  The  transfer  tunnel  attaches  to  the  elliptical  Gemini 
hatch  at  one  end  and  to  the  circular  MSS  hatch  at  the  other  end.  A  prototype 
tunnel  was  fabricated  and  tested  to  establish  design  feasibility.  Tunnel  construc¬ 
tion  is  a  composite  wall  consisting  of  an  innir  triple-barrier  pressure  bladder  for 
gas  retention,  a  1-ply  Dacron  cloth  structural  layer,  a  2-in.  thick  polyether  foaat 
meteoroid  barrier,  and  a  film-cloth  laminate  outei  cover  with  a  thermal  coating. 

The  expandable  composite  wall  is  structurally  bonded  to  a  rigid  aluminum  honeycomb 
sandwich  fx.  or  to  which  the  packaging  canister  is  attached  when  the  tunnel  is  foldec 
to  constitute  e.  modular  unit.  Pressure  proof  testing  for  7  days  at  10  pal  sad 
cyclic  pressure  tftsttog  from  vacuum  to  the  nominal  operating  pressure  of  7*5  p3i  for 
60  cycles  established  the  structural  integrity.  Pressure  leak  testing  under  ambienl 
conditions  for  7  days  at  7-5  psi  established  the  gas  tightness  of  the  structure 
with  a  leak  rate  of  0.50  lb/day  of  inflation  gas  under  orbital  conditions  Pres¬ 
sure  leak  testing  in  a  vacuum  chamber  at  an  average  vacuum  of  1  x  10-5  mm  Hg  for 
one  day  established  a  leak  rate  of  0.1*0  lb/day  of  inflation  gas  under  orbital  con¬ 
ditions.  Tunnel  deployment  testing  in  a  vacuum  chamber  confirmed  the  operational 
aspects  of  the  design.  Fabrication  of  an  operational  expandable  crew  transfer 
tunnel,  which  is  estimated  to  weigh  375  pounds  including  the  packaging  canister,  is 
entirely  feasible  and  within  the  present  state  of  the  art. 
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